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1.  Introduction 


Whon  an  integrated  circuit  (1C)  is  exposed  to  a 
radiation  environment,  In  general  there  will  be  an 
alteration  of  the  electrical  properties  of  active  com* 
ponents  of  the  circuit  that  can  result  In  degradation 
of  circuit  performance  or  circuit  failure.  In  addition, 
for  pulsed  irradiation,  there  may  be  radiation* 
generated  photocurrents  which  can  lead  to  tran* 
slant  circuit  upset.  The  primary  goai  of  the  radiation 
effects  community  is  to  harden  electronic  systems 
against  degradation,  failure,  or  upset  when  these 
are  subjected  to  some  radiation  environment  The 
hardening  may  be  accomplished  by  one  or  more  of 
several  different  means,  including  proper  design 
and  control  of  1C  processing,  appropriate  device 
and  circuit  design,  circumvention  and  error* 
correcting  techniques,  end  careful  piecepart 
screening  and  hardness  assurance  procedures. 

An  important  if  not  essential  ingredient  of  any 
sensible  hardening  effort  is  a  good  understanding 
of  the  primary  physical  processes  underlying  the 
response  of  electronic  materials  and  devices  to 
radiation  and,  further,  how  these  processes  are 
related  to  the  modes  of  circuit  degradation  and 
failure.  Armed  with  such  a  basic  understanding  of 
the  physical  phenomena  involved,  the  process  con¬ 
trol  or  circuit  design  engineer  is  m  a  much  im* 
proved  position  to  formulate  and  to  execute  a 
successful  hardening  effort.  In  providing  such  a 
basic  understanding  of  radiation  effects  in  IC'S,  the 
study  of  the  basic  mechanisms  of  radiation 
response  in  itself  plays  a  key  role  in  the  overall 
activities  of  the  radiBlion  effects  community. 
Besides  its  educational  function,  basic  mecha¬ 
nisms  research  serves  to  unify  the  knowledge  base 
of  the  community  and  to  instill  confidence  that  the 


work  of  the  community  can  be  rationally  under¬ 
stood.  Basic  mechanisms  studies  also  provide 
direct  support  to  many  of  the  community's  activi¬ 
ties,  such  as  efforts  In  hardening  of  devices  and  cir* 
cults,  In  establishing  the  relationship  between  hard¬ 
ness  levels  and  circuit  processing,  and  in  programs 
In  doslmotry,  radiation  t®s},!ng.  and  hardness  assur¬ 
ance,  Including  the  extrapolation  of  test  data  to  pre¬ 
diction  of  circuit  response  in  various  radiation  envi¬ 
ronments  of  interest. 

In  this  report,  we  discuss  the  basic  mecha¬ 
nisms  of  radiation  effects  in  electronic  materials 
and  devices,  tfor  the  most  part,  we  focus  our  dis¬ 
cussions  on  materials  (Si  and  SIQ»)  and  devices 
(metal-oxide  semiconductor— MOS— and  bipolar) 
important  in  silicon  technologies.  We  begin  with  a 
section  on  fundamentals  which  contains  brief 
discussions  of  the  major  radiation  environments  of 
practical  interest,  the  Interaction  of  radiation  with 
solid  targets,  common  terminology  of  radiation 
exposure,  and  an  overv'ew  of  the  primary  radiation 
effects  in  electronic  materials,  including  ionisation 
effects,  both  radiation-induced  photocurrenis  and 
space -charge  buildup,  and  atomic  displacement 
damage  effects.  An  emphasis  is  given  in  this 
review  to  the  problem  of  total-dose  ionization 
response.  prim?.rity  in  MOS  systems  (sect.  3).  in 
particular,  the  basic  physical  phenomena  under- 
tying  the  complex  time  history  of  the  MOS  radiation 
response  are  described,  and  sorw  implications  of 
the  time-dependent  response  for  issues  of  radiation 
testing,  hardness  assurance,  and  prediction  are 
pointed  out.  We  also  discuss  the  implications  ot 
scaling  down  the  gate  oxide  thickness  end  the  in¬ 
creasingly  important  problem  of  radiation-induced 
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leakage  currents.  The  section  on  total-dose  Ioniza¬ 
tion  effects  Is  followed  by  sections  on  transient 
radiation  effects  (sect.  4),  including  transiont  upset 
due  to  bulk  semiconductor  ionization  and  slngle- 
partlcle-induced  upset;  and  on  the  effects  of  atomic 
displacement  damage  on  electrical  properties 
(sect.  5),  including  discussion  of  the  time- 
dependent  annealing  of  the  damage  as  well  as 
long-term  damage  coefficients.  While  the  focus  of 
the  report  Is  on  radiation  effects  In  silicon-based 
devices,  section  6  presents  some  discussion  of  the 
similarities  and  differences  observed  In  radiation 
effects  in  QaAs  devices.  The  report  ends  with  a 
brief  section  devoted  to  thermal  effects,  Including 
discussions  of  the  role  of  temperature  in  radiation 
response,  synergistic  effects  of  simultaneous 
radiation  exposure  and  heating,  and  thy  long-term 
reliability  problem  of  hot  carrier  Injection  In  MOS 
flela-effect  transistors  (MOSFET’s),  whose  effects 
closely  parallel  those  resulting  from  radiation. 

There  are  several  reasons  for  the  emphasis 
given  to  the  topic  of  total-dose  Ionization  response. 
First,  a  review  of  this  nature  demands  that  the 
broad  subject  area,  i.e.,  the  major  topics  or  prob¬ 
lem  areas,  be  covered  on  some  level.  But  because 
of  time  and  space  limitations,  such  a  ooverage  of 
the  material  Is  necessarily  in  the  nature  of  an  over¬ 
view;  It  would  be  Impossible  to  discuss  all  the 
topics  in  detail.  However,  in  order  for  the  reader  to 


come  away  with  some  appreciation  of  the  actual 
scope  and  complexity  of  the  kinds  of  problems 
typically  encountered  in  practice,  It  seems  worth¬ 
while  to  highlight  one  problem  area  and  explore  It  In 
some  greater  depth  than  Is  possible  for  the  entire 
subject  area.  Second,  the  topic  of  total-dose  ioniza¬ 
tion  response  serves  as  a  good  specific  example  of 
the  Interplay  between  basic  mechanisms  research 
and  the  more  practical  work  of  the  radiation  effects 
community.  In  particular,  as  Indicated  above,  the 
postirradiation  behavior  of  MOS  devices  has  been 
found  to  be  a  rather  complex,  time-dependent 
response  governed  by  several  distinct  physical 
processes,  each  having  Its  own  characteristic  time 
scale  and  functional  dependencies  on  various 
parameters  such  as  electric  field,  temperature, 
oxide  thickness,  and  processing  history.  This  rich 
phenomenology  of  time-dependent  effects,  while 
making  life  very  Interesting  for  the  basic  mecha¬ 
nisms  researcher,  has  at  the  same  time  made  life 
difficult  for  those  workers  Involved  with  the  more 
practical  Issues  of  radiation  testing,  hardness 
assurance,  and  prediction  of  circuit  response.  So, 
at  present,  there  Is  considerable  activity  and  Inter¬ 
est  in  formulating  appropriate  procedures  and 
guidelines  for  sensible  total-dose  radiation  testing 
and  hardness  assurance  of  MOS  IC's,  an  activity 
which  demands  olose  coupling  between  basic 
mechanisms  work  and  the  other  activities  of  the 
radiation  effects  community. 


2.  Fundamentals 


2.1  Sources  and  Typaa  of  Radiation 

Thara  ara  a  varlaty  of  radiation  aourcaa  and 
anvlronmanta  to  whloh  electronic  systems  may  ba 
axpoaad.  The  onaa  of  moot  praotloal  Intaraat  ate 
apaoa  radiation  and  radiations  from  nuolaar  reac- 
tora  and  axploalona;  these  hava  baan  tha  primary 
drivers  of  tha  work  In  radiation  atfaota  and  harden¬ 
ing  ovar  tha  yaara.  Tha  apaolflo  typaa  and  irradia¬ 
tion  aoanarloa  associated  with  aaoh  of  these  anvl¬ 
ronmanta  dlffar  widely.  Tharefora,  whan  attempting 
to  harden  a  particular  electronics  syatam.  It  la 
Important  to  keep  tha  apaolflo  application  and 
potential  radiation  environment  In  mind.  For  exam¬ 
ple,  ayatama  to  ba  uaad  In  space  may  hava  to  with- 
atand  large  doaaa  of  radiation  whloh  ara  accumu¬ 
lated  slowly  ovar  long  parloda  of  time,  whereas 
eleotronloa  to  ba  uaad  In  tha  vicinity  of  nuolaar  ex¬ 
plosions  need  to  ba  hardened  against  radiation 
delivered  In  vary  short  pulaaa  but  at  vary  high  dose 
rates.  At  tha  and  of  this  section,  after  reviewing 
some  basic  conoepta  and  terminology,  wa  will 
return  to  deaorlbe  In  a  little  more  apaolflo  manner 
tha  anvlronmanta  associated  with  these  more  prac¬ 
tically  Important  radiation  sources. 

Other  radiation  sources  to  which  alaotronlc 
systems  may  ba  exposed  Include  materials  with 
radioactive  oontamlnants,  such  as  uranium  and 
thorium,  whloh  whan  Incorporated  Into  packaged 
IC'e  oan  produce  Isolated  radiation  events  <a.g.» 
alpha  particle  amissions);  these  events  oan  result 
In  occasional  transient  upsets,  These  ara  similar  to 
single-event  upsets  encountered  In  space  radiation 
environments  (see  eeot.  4).  Also,  there  are  various 
Irradiation  tools  used  In  the  processing  of  modern 


small-scale,  high-density  IC's.  These  Inolude  Ion 
Implantation  maohlnea,  plasma  Ion  etohlng,  and 
x-ray  and  electron-beam  lithography  tools.  It  Is 
Important  to  be  aware  of  (and  to  minimise)  the  ex¬ 
tent  of  radiation  damage  that  may  ocour  with  the 
use  of  these  tools.  Finally,  we  mention  various 
radiation  simulators  whloh  are  used  both  to  study 
the  fundamental  nature  of  the  interactions  of  radia¬ 
tion  with  matter,  ae  well  aa  to  simulate  various 
aspeote  of  threat  radiation  environments  of  Inter¬ 
est.  These  Inolude  such  facilities  aa  Co*0  cells,  par- 
tlole  accelerators  (e.g.,  LINAC),  flash  x-ray 
maohlnea,  and  nuolaar  reactors. 

The  various  radiation  aourcaa  or  environments 
give  rise  to  a  variety  of  Irradiating  particles,  with  a 
wide  variation  In  energy  apeotrum  and  time  history. 
For  example,  nuclear  explosions  give  Has  primarily 
to  pulses  of  gamma  rays  and  neutrons,  whereas 
the  apace  environment  consists  essentially  of  a 
low-level,  constant  flux  of  energetlo  charged 
particles— electrons,  protons,  alpha  particles,  and 
heavier  Ions,  The  various  typaa  of  Irradiating  parti¬ 
cles  can  be  grouped  Into  three  major  categories: 
photons  (x-rays  and  gammas),  charged  particles 
(eleotrons,  protons,  alpha  particles,  and  heavy 
Iona),  and  neutrons.  Cosmic  rays  encountered  In 
the  apace  environment  consist  of  a  variety  of 
charged  particles  generally  with  very  high  energies 
(>100  MeV).  Neutrons  of  concern  oan  be  either 
high  energy  (S»10  keV)  or  thermal  (Mt*T).  dearly, 
there  Is  a  large  variation  In  the  kinetic  energies  of 
the  partloles  of  concern-all  the  way  from  thermal 
neutrons  to  cosmlo  rays  of  several  hundred  mega- 
electron  volts.  There  la  also  obviously  a  wide  variety 
In  the  mass  and  charge  states  of  the  radiation  parti- 
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cles.  Both  photons  c..'-o  neutrons  are  charge  neu¬ 
tral,  and  photons  are  massless  (zero  rest  mass)  as 
well.  Energetic  charged  particles  can  be  negative 
(electrons)  or  positive  (protons,  alpha  particles), 
and  Ions  can  be  multiply  charged. 

2.2  Interaction  of  Radiation  with  Solid 
Targets 

The  interaction  of  radiation  with  solid-material 
targets  depends  on  c.  number  of  factors,  namely, 
on  the  mass,  charge  state,  and  kinetic  energy  of 
the  Incident  impinging  particle,  and  on  the  atomic 
mass,  charge  (atomic  number),  and  density  of  the 
target  material.  There  are  a  number  of  specific 
types  of  Interaction  that  can  occur  between  the  pri¬ 
mary  particles  and  target  atoms,  which  are  sum¬ 
marized  In  list  1.  We  do  not  discuss  the  details  of 
these  Interactions  here,  as  they  are  adequately  dis¬ 
cussed  in  a  number  of  textbooks  and  other  avail¬ 
able  references  [1-7].*  We  do,  however,  Indicate 
the  general,  qualitative  features  of  the  interactions, 
much  of  which  Is  as  excerptad  from  previous  IEEE 
Nuclear  and  Space  Radiation  Effects  Conference 
(NSREC)  short  couise  notes  [5,6]. 


Ust  1.  Spaolflc  inunction*  between  primary 
Irradiating  parttolaa  and  target  atom*. 

Photon*  (-*  hlghanargy  aacorxUry  election*) 

•  Photoelectric  atfact 

•  Compton  scattaring 

•  Pair  producllon 

Chargad  partictas 

•  Rutherford  (Coutomtolc)  centering 

•  Nuclear  Intarocllona  (heavy  panicles) 

Neutron* 

•  Nuclear  interaction* 

U  Etisllc  featuring 
0  inelastic  scattering 

0  Transmutation  r«citon$ 


2.2. 1  Photon  Interactions 

Photons  interact  with  target  atoms  through  the 
photoelectric  effect,  Compton  scattering,  and  pair 
production.  In  ali  three  cases,  the  interaction  pro¬ 
duces  energetic  free  electrons.  The  energy  range 
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In  which  photoelectric  collisions  dominate  depends 
on  the  atomic  number,  Z,  of  the  material.  The  prob¬ 
ability  of  a  photoelectric  interaction  decreases  with 
Increasing  photon  energy  and  increases  with  Z.  If 
the  incident  photon  Is  energetic  enough  to  emit  an 
electron  from  the  K  shell,  then  most  (~80  percent) 
of  the  collisions  are  with  K-shell  electrons.  In  the 
photoelectric  process,  the  incident  photon  energy 
is  completely  absorbed  by  the  emitted  electron 
(photoelectron).  If  a  K-shell  electron  is  Involved, 
then  an  L-shell  electron  will  drop  into  the  remaining 
empty  state.  Either  a  characteristic  x  ray  or  a  low- 
energy  Auger  electron  is  emitted  from  the  L  shell, 
depending  on  the  value  of  Z. 

In  contrast  to  the  photoelectric  effect,  Compton 
scattering  does  not  Involve  complete  absorption  of 
the  Incident  photon.  In  Compton  scattering,  the 
photon  energy  Is  much  great*,  than  the  binding 
energy  of  atomic  electrons  (such  as  those  In  the  K 
shell).  The  Incident  photon  gives  up  a  portion  of  Its 
energy  to  scatter  an  atomic  electron,  thereby 
creating  an  energetic  Compton  electron,  and  the 
lower  energy  scattered  photon  continues  to  travel 
In  the  target  material.  As  the  photon  energy  In¬ 
creases,  Compton  scattering  dominates  over  the 
photoelectric  effect. 

The  third  type  of  photon  Interaction,  pair  pro¬ 
duction.  lias  a  threshold  energy  of  1 .02  MeV.  Above 
this  energy,  a  photon  striking  a  hlgh-Z  target  may 
be  completely  absorbed  and  cause  a  positron/ 
electron  pair  to  form.  (A  positron  has  the  same  rest 
mass  and  charge  as  an  electron,  except  that  the 
charge  Is  positive.) 

Figure  1  Illustrates  the  relative  Importance  of 
the  three  photon  Interactions  as  a  function  of  Z  and 
photon  energy.  The  solid  lines  correspond  to  equal 
interaction  cross  sections  for  the  neighboring  ef¬ 
fects.  For  silicon  (Z  &  14).  the  photoelectric  effect 
dominates  et  energies  below  50  keV  and  pair  pro¬ 
duction  dominates  at  energies  above  20  MeV.  Over 
the  broad  Intervening  energy  range,  Compton  scat¬ 
tering  dominates.  In  ali  three  cases,  however,  the 
essential  result  of  the  photon  interactions  Is  the 
production  of  energetic  secondary  electrons  (and 
positrons  at  very  high  photon  energy),  which  then 
undergo  subsequent  charged  particle  Interactions. 
In  other  words,  the  primary  energy  transfer  from 
the  incident  photons  to  the  target  occurs  via  the 
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Figure  1.  Illustration  of  relative  Importance  of  three  photon 
interactions  as  function  of  atomic  number  and  photon 
energy.  Solid  lines  correspond  to  equal  cross  sections  for 
neighboring  effects. 

secondary  electron  Interactions,  and  we  now  dis¬ 
cuss  such  charged  particle  interactions. 

2.2.2  Charged  Particle  Interactions 

Charged  particles  Incident  on  a  target  interact 
primarily  by  Rutherford  scattering  (Coulomb  scat¬ 
tering).  This  Interaction  can  cause  both  excitation 
and  liberation  (lon'zatlo^  of  atomic  electrons.  Addi¬ 
tionally,  through  Rutherford  scattering,  sufficient 
energy  can  be  transferred  to  atoms  to  displace 
them  from  their  normal  lattlo  positions,  Heavy 
charged  particles  car.  also  undergo  nuclear  Inter¬ 
actions  of  the  type  described  below  ‘nr  neutrons. 
For  example,  a  proton  can  be  absorbed  in  a  target 
nuoleus,  and  the  nucleus  then  emits  an  alpha 
particle. 

Ionization  ot  the  target  material  Is  a  major  con¬ 
sequence  of  the  charged  particle  Interactions, 
especially  for  electrons  and  the  lighter  charged 
tons  (protons,  alphas).  In  semiconductors  and  Insu¬ 
lators,  Ionization  results  In  excess,  nonequilibrium 
densities  of  electrons  and  holes;  In  section  2.4,  we 
discuss  the  Implications  of  lonlzatlcn  In  these 
materials.  Here  we  point  out  that  the  actual  Ioniza¬ 
tion  processes  associated  with  the  passage  of  a 
single  energetic  charged  particle  through  a  solid  is 
exceedingly  complex,  with  the  generation  of  a  num 
ber  of  high-energy  secondary  electrons  with  var¬ 
ious  energies  and  momenta,  which  subsequantly 
produce  further  Ionization,  and  so  on  In  a  cascade 
process.  However,  most  of  the  final  Icnlzat.on 


events  and  most  of  the  energy  transfer  occur 
through  a  single  type  of  intermediate  process 
involving  the  collective  motions  of  many  valence 
electrons  in  simple  oscillatory  motion  against  the 
background  of  positive  ionic  cores  [8].  (Because  of 
the  much  larger  masses,  the  ion  cores  can  be  con¬ 
sidered  stationary  relative  to  the  oscillating  elec¬ 
trons.)  These  plasma  vibrations,  or  plasmons  as 
they  are  called  in  the  jargon  of  quantum  mechan¬ 
ics,  are  induced  by  the  long-range  nature  of  the 
Coulomb  interaction,  which  extends  over  regions 
containing  many  atoms.  The  plasmon  energies, 
corresponding  to  the  resonance  frequency  of  the 
oscillations,  are  typically  in  the  range  from  10  to 
20  eV  for  most  solids,  depending  upon  the  number 
density  of  valence  electrons.  Foliowing  its  creation, 
a  plasmon  decays  rapidly  (<fl  ps)  via  excitation  of  a 
single  electron/hole  pair  across  the  bandgap.  The 
excess  kinetic  energy  carried  by  the  individual 
electrons  and  holes  may  result  In  one  or  two  further 
ionizatfon  events  (depending  upon  the  bandgap 
width)  with  the  remainder  of  the  energy  being 
quickly  dissipated  as  thermal  lattice  motion. 

2.2.3  Neutron  Interactions 

Neutrons  Incident  on  a  target  undergo  the  fol¬ 
lowing  nuclear  Interactions:  elastic  scattering,  in¬ 
elastic  scattering,  and  transmutation.  In  an  elastic 
collision,  the  neutron  gives  up  a  portion  of  its 
energy  to  an  atom  of  the  target  material,  and  can 
dislodge  the  atom  from  Its  lattice  position.  This 
process  will  occur  as  long  as  the  imparted  energy 
Is  greater  than  that  required  for  displacement 
(~25  eV  for  most  materials).  The  displaced  atom  Is 
referred  to  as  the  primary  recoil  (or  primary  knock- 
on);  It  subsequently  will  lose  energy  to  Ionization 
and  can  also  displace  other  lattice  atoms.  Inelastic 
neutron  scattering  Involves  capture  of  the  incident 
neutron  by  the  nucleus  of  the  target  atom  and  sub- 
wdquent  emission  of  the  neutron  at  a  lower  energy. 
Klretlc  energy  Is  lost  in  this  process  and  the  target 
nucleus  Is  left  In  an  excited  state.  The  excited 
nucleus  returns  to  Its  original  state  by  emission  of  a 
gamma  ray.  The  kinetic  energy  of  the  emitted 
neutron  is  reduced,  compared  to  the  Incident 
neutron,  by  the  energy  of  the  gamma  ray.  I r elastic 
neutron  scattering  can  also  cause  displace  ment  of 
the  target  atom  to  occur.  The  trar.smutatk  n  reac¬ 
tion  Involves  capture  of  the  Incident  neutron  by  the 
target  nucleus  and  subsequent  emission  of  another 
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particle,  such  as  a  proton  or  an  alpha  particle.  The 
remaining  atom  Is  thereby  transmuted,  i.e.,  con¬ 
verted  from  one  element  Into  another. 

2.2.4  Basic  Effects:  Ionization  and  Atomic 
Displacements 

In  spite  of  the  seemingly  complex  Interactions 
of  radiation  with  matter,  with  the  various  dependen¬ 
cies  of  the  Interactions  on  the  properties  of  the  Inci¬ 
dent  particle  and  target  materials,  In  the  end  there 
are  two  essential  consequences  as  far  as  effects 
on  solid-state  electronics  are  concerned:  Ionization 
(generation  of  electron/hole  pairs)  and  displace¬ 
ment  damage  (dislodging  atoms  from  their  normal 
lattice  sites).  In  general,  as  already  pointed  out, 
particles  passing  through  electronic  materials 
deposit  a  portion  of  their  energy  Into  ionization  and 
the  remainder  into  atomic  displacements.  How¬ 
ever,  for  most  practical  purposes,  the  situation  Is 
even  simpler  than  this  statement  indicates.  Specifi¬ 
cally,  for  charged  particle  Irradiation— even  though 
a  certain  amount  of  atomic  displacement  can 
occur  in  general,  especially  for  the  heavier  Ions— 
the  primary  modes  of  degradation  of  electronic 
devices  occur  as  a  result  of  Ionization.  Similarly,  for 
high-energy  neutron  Irradiation,  the  primary 
mechanisms  for  device  degradation  are  attributed 
to  atomic  displacement  damage,  even  though 
there  oan  be  considerable  ionization  associated 
with  neutron  Interactions.  This  simplified  situation 
Is  summarized  schematically  In  figure  2.  It  must  be 
kept  In  mind,  however,  that  this  Is  a  simplification 
whloh  applies  to  the  oommonly  observed  failure  or 
degradation  modes  of  most  eleotronlo  devloes.  To 
be  sure,  there  are  situations  or  particular  devloes  In 
which  neutron-lnduoed  Ionization  oan  be  signifi¬ 
cant,  or  In  whloh  displacement  damage  associated 


Figure  2,  Sohamatlo  Indloetlng  primary  radiation  effaota 
(aolld  lines)  and  aeoondary  effaota  (dashed  lines)  In  eleo¬ 
tronlo  materials. 


with  energetic  charged  particle  irradiation  can  be 
significant.  But  for  the  topics  to  be  covered  In  this 
discussion,  we  can  essentially  associate  Ionization 
damage  with  oharged  particles  and  displacement 
damage  with  neutrons. 

2.3  Terminology  of  Radiation  Exposure 

Before  going  further  Into  the  specific  effects  of 
Ionization  or  displacement  damage  In  electronic 
materials,  we  should  pause  to  discuss  some  of  the 
commonly  used  terminology  and  units  of  radiation 
exposure  and  damage.  This  enables  us  to  begin 
putting  the  subsequent  discussion  onto  a  quantita¬ 
tive  basis.  Table  1  highlights  some  of  the  Important 
terminology  and  units  of  radiation  exposure.  Flux  Is 
simply  the  particle  current  density  Incident  on  a 
particular  area  element  expressed  In  number  of 
partlcle8/cm*-8.  Particle  fluence  Is  just  the  time 
Integral  of  the  flux  over  some  period  of  time  (e.g., 
over  the  time  of  a  radiation  pulse)  expressed  In 
units  of  particles/cm*.  The  energy  speotrum  Is 
simply  the  distribution  of  a  particle  fluenoe  (or  flux) 
over  energy,  e.g.,  partlcles/oma-MeV. 

Neutron  exposure  of  a  sample  Is  commonly 
given  in  terms  of  the  neutron  fluenoe,  n/oma. 
However,  the  amount  of  displacement  damage 
from  neutrons  In  a  given  material  varies  significant¬ 
ly  with  neutron  energy  (see  sect.  5  for  further  dis¬ 
cussion).  Therefore,  In  order  to  allow  meaningful 
comparisons  between  experiments  using  different 
neutron  energy  speotra,  often  neutron  fluenoes  are 
expressed  In  terms  of  ("normalized  to")  an  equiva¬ 
lent  1-MeV  neutron  fluenoe,  whloh  Is  that  fluenoe  of 


Table  1.  Important  terminology  and  units 
of  radiation  axpoaura 


Type  of  radiation  axpoaura 

Unite  of  measure 

Flux 

Partloles/om1* 

Fluanoa 

Partlolae/om* 

Energy  apaotrum 

Nautrona 

Partlolea/om*-MeV 

•  Fluanoa 

n/om1 

•  1-MaV  aqulvalant  fluanoa 

n/om* 

Ionizing  radiation 

e  Stopping  power  (linear  energy 
tranafar  function  (1/gXdE/dx)) 

MeV/(g/oma) 

e  Total  radiation  absorbed  dose 

rad* 

•  Ionizing  dose  rata 

rad(6l)/s 

*1  rad(SI)  m  100  trgtft(SI)  ■  0.01  J/kg($l);  SI  unit:  1  gray 
(Qy)  ■  100  rad  ■  1  J/kg 
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1-MeV  neutrons  that  would  produce  the  same  elec¬ 
tronic  effect  as  the  neutron  spectrum  used  in  a  par¬ 
ticular  study. 

For  charged  particle  exposure,  the  amount  of 
energy  that  goes  Into  ionization  is  given  by  the  stop¬ 
ping  power,  or  the  linear  energy  transfer  (LET)  func¬ 
tion  e^dE/dx,  commonly  expressed  in  units  of  MeV- 
cm2/g.  The  stopping  power  has  been  tabulated  for  a 
number  of  target  materials  as  a  function  of  incident 
particle  energy  and  atomic  number.  An  example  of 
the  stopping  power  for  electrons  [9]  and  pro¬ 
tons  [10]  incident  on  silicon  is  shown  in  figure  3. 
The  absorbed  ionizing  dose  (D  or  y)  is  the  Integral 
over  energy  of  the  product  of  the  particle  energy 
spectrum  and  the  stopping  power.  The  commonly 
used  unit  of  absorbed  Ionizing  dose  Is  the  rad 
(radiation  absorbed  dose).  One  rad  is  equal  to  an 
absorbed  energy  of  100  ergs  per  gram  of  material. 
Because  the  energy  loss  per  unit  mass  differs  from 
one  material  to  another,  the  material  in  which  the 
dose  is  deposited  must  be  specified  when  this  unit 
is  used,  e.g.,  rad(SI)  or  rad(SIOj).  The  SI  unit  of  ab¬ 
sorbed  dose  Is  the  gray  (Gy),  which  Is  equal  to  an 
absorbed  energy  of  1  J/kg,  or  100  rad.  However, 
the  gray  is  rarely  used  by  the  radiation  effects  com¬ 
munity.  Finally,  the  ionizing  dose  rate  (y)  is  usually 
expressed  In  rad/s. 


Flour*  3,  Stopping  power  is  function  of  partlole  energy  for 
electrons  and  protons  Inoldent  on  silicon. 


2.4  Overview  of  Primary  Radiation  Effects  in 
Electronic  Materials 

In  section  2.2,  we  noted  that  the  dominant 
effects  resulting  from  the  interaction  of  radiation 
with  electronic  materials  are  Ionization  (primarily 
associated  with  charged  particle  Interactions)  and 
atomic  displacement  damage  (primarily  associated 
with  high-energy  neutron  exposure).  Here,  we 
briefly  discuss  the  major  consequences  of  these 
effects. 

2.4.1  Ionization  Effects 

Figure  4  Is  a  schematic  of  the  ionization  proc¬ 
ess  In  semiconductors  and  insulators.  In  figure  4a, 
an  electron  In  the  valence  band  is  excited  across 
the  bandgap  Into  a  conduction  band  state,  either  as 
a  direct  result  of  Interaction  with  an  energetic 


(a)  CONDUCTION 

BAND 

- Ec 


(b)  (C) 


Figure  4.  Schematic)  Indicating  prooeaa  of  ionization  In 
aemloonduotora  and  Insulators:  (a)  Ionization  event, 
(b)  thermallzation  (plooseoond  time  soale),  and  to)  oharge 
separation  and  drift.  Ionization  leads  to  transient  photo¬ 
currents  and  buildup  of  trapped  oharge  (spaoe-oharge 
effects).  Effective  measure  of  damage  Is  oharge  yield  per 
unit  dose  (electron/hole  pairs  per  rad). 
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charged  particle  or  as  the  result  of  the  decay  of  a 
plasmon  excitation  (the  collective  oscillation  of  a 
large  number  of  valence-band  electrons).  Very 
rapidly  (on  the  order  of  a  picosecond),  the  excited 
electron  in  the  conduction  band  and  the  hole  left 
behind  in  the  valence  band  lose  their  excess  kinetic 
energy  (fig.  4b)  through  lattice  scattering  and  are 
"thermalized”  in  energy,  falling  to  the  vicinity  of 
the  conduction  and  valence-band  edges,  respec¬ 
tively.  Then,  except  for  some  fraction  (small  in 
semiconductors,  possibly  large  in  insulators)  of  the 
electron/hoie  pairs  which  undergo  what  is  called 
initial  recombination,  the  electron  and  hole  will  be 
free  to  diffuse  and  drift  (If  electric  fields  are  pres¬ 
ent)  away  from  their  point  of  generation  (fig.  4c), 
until  they  either  undergo  recombination  elsewhere 
In  the  material,  or  are  trapped  at  a  localized  trap 
(defect)  site,  or  are  collected  at  an  electrode. 

If  an  electric  field  is  present,  there  will  be  net 
charge  separation  and,  therefore,  an  electric  cur¬ 
rent.  These  radiation-induced  photocurrents  can  be 
a  major  problem  In  semiconductor  junction  re¬ 
gions,  resulting  In  transient  upset  of  circuits  or  a 
current  latchup  condition,  which  Is  an  induced 
parasitic  silicon-controlled  rectifier  (SCR)  type  of 
current  path  in  certain  device  geometries. 
Associated  with  the  passage  of  even  a  single 
energetic  heavy  particle  (alphas,  heavy  Ions),  there 
may  be  sufficient  Ionization  that  the  photocurrent 
or  collected  charge  may  cause  a  transient  upset.  In 
this  case,  the  upset  errors  are  referred  to  as  single¬ 
event  upsets,  as  opposed  to  bulk  Ionization- 
Induced  photocurrents.  Photocurrents  associated 
with  a  single  particle  may  also  in  some  cases  In¬ 
duce  current  latchup.  These  problems  are  Increas¬ 
ing  In  Importance  as  the  sizes  of  devices  are  scaled 
down,  so  that  less  charge  Is  necessary  to  cause 
failure. 


In  Insulators  (e.g.,  SIO»),  radiation-induced 
photocurrents  are  generally  not  a  problem  because 
of  the  much  lower  carrier  mobilities  and  lower 
numbers  of  electron/hole  pairs  created.  However, 
Insulators  generally  contain  relatively  large  den¬ 
sities  of  charge  trapping  centers  at  which  the 
radiation-induced  charges  can  be  trapped  for  long 
periods  of  time.  The  trapped  charges  can  then 
generate  Internal  space-charge  electric  fields, 
which  in  turn  can  lead  to  voltage  offsets  or  shifts  In 


device  operating  characteristics.  If  sufficient 
space-charge  fields  are  generated,  device  failure 
may  result.  This  Is  a  major  radiation  effects  prob¬ 
lem  in  metal-oxide-semiconductor  (MOS)  devices. 
In  addition,  internal  space-charge  fields  due  to 
trapped  charge  in  field  oxides  and  passivation  insu¬ 
lators  can  turn  on  parasitic  current  leakage  paths 
in  adjoining  semiconductor  materials.  As  device 
dimensions  are  scaled  down,  this  is  becoming 
more  of  a  major  problem  in  both  MOS  and  bipolar 
technologies. 

The  amount  of  damage  due  to  ionization  is 
directly  related  to  the  charge  yield  per  unit  dose, 
i.e.,  number  of  electron/hole  pairs  generated  per 
rad.  This  is  true  both  for  the  magnitudes  of  the  in¬ 
duced  photocurrents  (for  pulsed  Irradiation)  or  for 
the  amount  of  trapped  charge  buildup  for  total  dose 
effects.  Table  2  lists  for  several  Important  elec¬ 
tronic  materials  the  average  Ionization  energy  (Ep) 
required  to  generate  a  single  electron/hole  pair,  as 
well  as  the  Initial  charge  pair  density  per  rad  (g«) 
deposited  in  the  material  [5,6].  The  latter  quantity  is 
obtained  simply  from  the  product  of  the  material 
density  and  the  deposited  energy  per  rad  (1  rad  = 
100  erg/g  =  6.24  x  1013  eV/g)  divided  by  E„.  As 
noted  earlier,  In  wide-bandgap  insulators  such  as 
SIOj,  there  can  be  significant  Initial  (or  Immediate) 
recombination  of  the  electron/hole  pairs  before 
they  can  separate.  The  actual  charge  yield  In  this 
case  Is  a  function  of  the  electric  field  and  the  line 
density  of  electron/hole  pairs  (number  created  per 
track  length  of  the  Incident  particle);  the  value  of  g„ 
listed  In  table  2  corresponds  to  the  yield  in  the  high 
field  limit  (see  sect.  3.3.1  for  further  discussion). 


Table  2.  Electron-hole  pair  generation  energies  and 
pair  densities  generated  by  1  rad 


Material 

Pair  generation 
energy,  E, 

(eV) 

Pair  density  generated 
per  rad,  g, 
(palrs/cma) 

Silicon 

3,6 

4.0  x  10“ 

Silicon  dioxide 

17 

8.1  x  10u 

Gallium  arsenide 

‘V4.8 

~7  x  10“ 

Germanium 

2.8 

1.2  X  10u 

2.4.2  Displacement  Damage  Effects 

Figure  5  Is  a  schematic  of  the  atomic  displace¬ 
ment  process  In  a  crystalline  lattice  (e.g.,  SI).  An 
incident  high-energy  particle  (e.g.,  a  neutron)  Inter- 
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acts  with  a  target  lattice  atom  via  one  of  the  mech¬ 
anisms  mentioned  in  section  2.2,  imparting  suffi¬ 
cient  energy  to  the  lattice  atom  to  dislodge  it  from 
its  initial  site  (fig.  5a).  The  recoil,  or  knock-on,  atom 
may  travel  some  distance  In  the  lattice  before  com¬ 
ing  to  rest,  perhaps  in  the  process  itself  inducing 
further  displacements.  The  reflected  primary  parti¬ 
cle  continues  through  the  lattice,  also  Inducing  fur¬ 
ther  displacements  as  long  as  its  kinetic  energy  Is 
sufficiently  large, 

The  important  outcome  of  the  atomic  displace¬ 
ments  is  that  defects  are  produced  in  the  crystal 
lattice.  These  may  be  simple  defects  such  as 
vacancies  and  Interstitials,  or  simple  combinations 
of  these  such  as  dlvacancles,  or  complexes  of 
vacancies  and  Interstitials  with  Impurity  atoms,  or 
even  more  complex  clusters  of  defects.  (Defect 
clusters  are  Important  in  neutron  Irradiation;  see 
sect.  5  for  further  discussion.)  For  example,  fig¬ 
ure  5b  shows  a  simple  vacancy  defect  at  the  Initial 
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Figure  0.  Sohemetlc  of  etomlo  displacement  damage  In 
crystalline  solid:  (a)  atomic  displacement  event  and  (b)  sim¬ 
ple  radiation-induced  defects  (vaoanoy  and  Interstitial). 
Atom  displacements  produos  lattice  defects  which  result  In 
localized  trap  states— energy  levels  within  bandgap.  Meas¬ 
ure  of  damage  la  effect  on  a  pertinent  eleotrloal  parameter 
(e.g.,  minority  oarrler  lifetime  or  translator  gain). 


lattice  site  and  a  simple  Interstitial  where  the 
knock-on  atom  came  to  rest.  Now,  from  the  theory 
of  crystalline  semiconductors,  we  know  that  any 
defects  or  Impurities  which  disturb  the  lattice  perio¬ 
dicity  have  the  effect  of  producing  localized,  dis¬ 
crete  energy  levels  lying  within  the  forbidden  band- 
gap  of  the  perfect  lattice,  l.e.,  lying  between  the 
conduction  band  minimum  and  the  valence  band 
maximum.  It  is  these  electronic  energy  levels  (gap 
states)  associated  with  the  radiation-induced 
defects  that  cause  an  alteration  of  the  electrical 
properties  of  the  semiconductor  crystal  and  lead  to 
degradation  or  failure  of  the  device.  For  example, 
additional  recombination  centers  may  be  Intro¬ 
duced  which  can  shorten  the  minority  carrier  life¬ 
times  and  consequently  degrade  the  gain  of  a 
bipolar  transistor.  The  appropriate  measure  of  dis¬ 
placement  damage  In  a  material  Is  Its  effect  on 
some  pertinent  electrical  parameter,  such  as  car¬ 
rier  lifetime  or  transistor  gain.  In  section  5,  we  elab¬ 
orate  further  on  the  possible  effects  of  the 
radiation-induced  defect  centers. 

The  primary  basic  effects  of  radiation  on  elec¬ 
tronic  materials  that  we  have  briefly  discussed  are 
summarized  In  list  2.  The  overall  content  of  the  list 
is  akin  to  the  general  form  of  a  radiation  speci¬ 
fication  that  may  be  imposed  on  an  electronic 
system  required  to  operate  in  some  radiation  en¬ 
vironment.  That  is,  the  system  may  be  required  to 
survive  or  to  be  hardened  against  failure  for  given 

List  2.  8ummary  of  primary  radiation  affaots  In  electronic 
materials  and  devloes. _ 

Ionization  effeots 

•  Total  dose— charge  buildup  effects  (D  In  rad(SI)  or 

rad(SIOi)) 

□  Voltage  offsets 

□  Induced  parasitic  leakage  currents 

□  Speed  (mobility)  degradation 

•  Transient  radiation  effects— Induced  photocurrents 

□  Transient  upset  due  to  bulk  semiconductor  Ionization 

(y  In  rad(SI)/8) 

□  Single-event  upset  due  to  energetlo  heavy  Ions  (errors/ 

bit-day) 

□  Current  latohup 

Displacement  damage  (n/om1  or  1-MeV  neutron  equivalent) 

•  Induced  defect  states 

□  Lifetime  degradation 

□  Transistor  gain  degradation 
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values  of  total  dose  (D,  in  rad(Si)  or  rad(SI02)),  dose 
rate  (y,  in  rad(Si)/s),  single-event  upset  (SEU— 
usually  expressed  In  terms  of  some  maximum  error 
rate  per  bit  for  the  threat  environment,  e.g., 
errors/blt-day),  and  neutron  fluence  (n/cm2).  Some 
typical  target  values  for  good  radiation-hardened 
circuits  are  total  dose  to  1  Mrad,  y  to  109  rad/s, 
SEU  to  ICT7  errors/bit-day,  and  neutron  fluence  to 
1014  cm"2. 

2.5  Characteristics  of  Specific  Radiation 

Environments 

Obviously,  when  trying  to  define  a  radiation  sur¬ 
vivability  specification  for  an  electronic  system,  we 
must  bear  In  mind  the  potential  radiation  environ¬ 
ment.  We  end  this  section  simply  with  several  lists 
(lists  3  to  5),  which  summarize  some  pertinent  infor¬ 
mation  concerning  the  three  radiation  environ¬ 
ments  of  most  practical  interest:  space,  nuclear  ex¬ 
plosions,  and  nuclear  reactors.  These  lists  (1)  sum¬ 
marize  the  qualitative  characteristics  of  the  various 
environments,  (2)  Indicate  the  primary  failure 
mechanism  of  IC's  when  exposed  to  these  environ¬ 
ments,  and  (3)  note  some  of  the  radiation  simula¬ 
tors  available  to  obtain  pertinent  radiation  effects 
data.  For  the  most  part,  the  lists  are  self- 
explanatory.  We  do,  of  course,  discuss  the  various 
failure  mechanisms  In  some  detail  in  the  remainder 
of  this  document,  but  in  doing  so  it  Is  helpful  to  have 

List  3.  Characteristics  of  apace  radiation  environment. 
Environment 

•  Low  Ionization  dose  rate  («1  rad/8) 

•  Total  dose  (>10®  rad) 

•  High-energy  electrons  and  protons  trapped  In  earth's 

magnetosphere 

•  Cosmic  rays  (electrons,  protons,  alphas,  heavy  Ions) 

Primary  failure  mechanisms 

•  Total-dose-lnduoed  charge  buildup 

•  Single-event  upset 

Test  simulators 

•  Low-dose-rate  Ionization  sources;  CoM,  low-energy  x-ray 

tester 

•  High-energy  particle  sources;  proton  and  heavy  Ion 

beams 


some  idea  of  the  qualitative  features  of  the  real 
threat  environments.  Further,  essentially  all  the 
data  we  discuss  were  generated  with  one  of  the 
several  common  radiation  simulator  test  facilities. 
Finally,  we  note  that  the  lower  bounds  on  the  var¬ 
ious  radiation  characteristics  indicated  on  lists  3 
and  4  indicate  generally  the  levels  beyond  which 
serious  hardening  efforts  must  be  implemented  if 
IC’s  are  to  continue  operating  effectively.  Similar 
bounds  are  not  Indicated  on  list  5  for  nuclear  reac¬ 
tors,  because  the  requirements  here  depend  criti¬ 
cally  on  the  placement  of  electronic  parts  and 
whether  the  parts  are  Intended  for  use  in  a  normal 
reactor  operation  environment  or  for  an  accident 
scenario. 

List  4.  Pertinent  features  of  radiation  from  nuclear 
explosion. 

Environment 

•  High-dose-rate  gamma  flux  (y  >10*  rad/s) 

•  Total  dose  (>10*  rad) 

•  Delayed  high-energy  neutron  flux  (fluence  > 

101J  n/cm2) 

Primary  failure  mechanisms 

•  Total-dose-induced  charge  buildup 

•  Translent-photocurrent-lnduced  upset  and  latchup 

•  Neutron  displacement  damage 

Test  simulators 

•  Ionization  sources: 

□  Flash  x  ray,  LI  NAG  electron  beam  (for  y) 

□  Co*0,  low-energy  x-ray  tester  (for  D) 

•  Neutron  sources:  nuclear  reactor 


List  5.  Features  of  nuolear  reactor  radiation 
environment. 

Environment 

•  Steady-state  neutron  flux 

•  Low  to  moderate  Ionizing  dose  rate 

(gamma  rays) 

Primary  failure  mechanisms 

•  Displacement  damage 

•  Totat-dose-lnduced  charge  buildup 

Test  simulators 

•  Nuclear  reactor 

•  Moderate-dose-rate  Ionization  sources: 

CoM,  low-energy  x-ray  tester 
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3.  Total-Dose  Ionization  Effects 


3.1  Introduction 

As  pointed  out  in  the  previous  section,  one  of 
the  major  effects  associated  with  radiation-induced 
ionization  in  electronic  materials  is  that  of  trapped- 
charge  buildup,  which  Induces  Internal  space- 
charge  fields  that  interfere  with  the  normal 
(designed)  operation  and  control  of  devices.  This 
problem  is  primarily  associated  with  the  insulating 
films  used  in  modern  1C  technologies,  and  it  is  the 
major  type  of  effect  encompassed  in  the  term 
“total-dose  Ionization."  The  major  focus  of  work  In 
this  area  over  the  past  20  years  or  so  (1 1]  has  been 
on  the  MOS  technologies  because  of  the  charge¬ 
trapping  effects  In  the  thin  silicon  dioxide  films 
employed  In  these  technologies,  both  as  gate 
oxides  over  the  active  semiconductor  channel  re¬ 
gion  and  as  field,  Isolation,  and  passivation  oxides. 
However,  as  device  dimensions  shrink,  the  total- 
dose  problem  is  Increasing  In  concern  as  well  for 
the  bipolar  technologies  in  connection  with 
trapped-charge-lnduced  leakage  paths  near  field 
and  passivation  oxides.  Here,  for  the  purposes  of 
discussing  the  physics,  we  focus  on  the  total-dose 
charging  problem  in  the  SlOa  gate  oxides  of  MOS 
structures.  The  basic  mechanisms  underlying  the 
charge  trapping  are  the  same  In  both  gate  and 
fleld/passivatlon  oxides;  only  the  clroult  manifesta¬ 
tions  differ.  We  return  to  briefly  discuss  the  In¬ 
duced  leakage  current  problem  at  the  end  of  this 
section  for  both  MOS  and  bipolar  structures.  We 
note  here  at  the  outset  that,  In  general,  charging  of 
the  oxide  regions  oan  occur  both  within  the  bulk  of 
the  oxide  films  as  well  as  at  the  Interfaces  between 
the  oxides  and  the  semiconductor  regions. 


Figure  6  shows  a  simple  schematic  of  a 
MOSFET,  In  this  case  an  n-channel  device  using  a 
p-type  SI  substrate.  When  a  bias  potential  Is  applied 
to  the  gate  contact,  there  will  be  an  electric  field 
across  the  gate  oxide  region  and  into  the  SI  surface 
region  immediately  below  the  gate  region.  If  the 
gate  bias  is  sufficiently  large  and  positive  (for 
n-channel  operation),  the  majority  carriers  (holes  in 
p-type  SI)  will  be  repelled  from  or  depleted  In  this 
surface  region,  and  minority  carriers  (electrons) 
will  be  attracted  to  this  region,  forming  what  Is 
called  an  inversion  layer.  If  now  also  a  potential  dif¬ 
ference  is  applied  between  the  source  and  drain 
contacts  (n* -doped  regions  In  fig.  6),  the  Inversion 
layer  provides  a  low-resistance  current  channel  for 
electrons  to  flow  from  the  source  to  the  drain.  The 
device  is  then  said  to  be  turned  on  (fig.  6a),  and  the 
control  gate  bias  potential  at  which  the  channel  just 
begins  to  conduct  appreciable  current  Is  called  the 
turn-on  voltage  or  threshold  voltage  of  the  device. 

The  total-dose  Ionization  problem  that  occurs  in 
this  structure  is  then  due  to  the  radiation-induced 
charging  (normally  positive)  of  the  thin  gate  oxide 
region,  which  generates  additional  space-charge 
fields  at  the  81  surface.  These  additional  Induced 
fields  result  In  voltage  offsets  or  shifts  In  the  turn¬ 
on  voltages  of  the  devices,  which  lead  to  clroult 
degradation  and  failure.  For  example,  for  suffi¬ 
ciently  large  amounts  of  trapped  positive  charge 
for  the  device  schematically  shown  In  figure  6,  the 
device  may  be  turned  on  even  for  zero  applied  gate 
bias  (fig.  6b).  In  this  case,  the  device  is  said  to  have 
failed  by  “going  depletion  mode." 
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Figure  0.  Schematic  of  n-ohannel  MOSFET  Illustrating 
baalo  affect  of  totel-doae-lonlEatlon-Induced  charging  of 
gat*  oxide:  (a)  normal  operation  and  (b)  poetlrradlatlon. 


Conceptually,  in  a  broad  sense,  the  radiation- 
induced  oxide-charging  problem  is  fairly  simple  to 
understand.  It  Is  only  when  one  gets  down  to  grap¬ 
pling  with  details  of  the  radiation  response— 
particularly  when  trying  to  quantify  the  response 
for  practical  applications— that  one  begins  to 
appreciate  some  of  the  complexities  involved  In 
radiation  effects  studies.  For  example,  there  Is  a 
relatively  complex  time  dependence  of  the  radia¬ 
tion  response  of  the  simple  MOS  structure  shown 
in  figure  6,  having  to  do  with  a  wide  variation  In  the 
characteristic  time  scales  for  various  physical 
processes  Involved,  such  as  for  the  charge  genera¬ 
tion,  transport,  trapping  and  annealing  processes, 


and  interface-state  generation  at  the  Si02/Si  Inter¬ 
face.  The  complexity  of  the  time-dependence 
response  has  implications  not  only  for  understand¬ 
ing  the  basic  physics  of  the  response,  but  also  cer¬ 
tainly  for  practical  issues  of  testing,  prediction,  and 
hardness  assurance.  In  this  discussion,  we  have 
chosen  to  highlight  the  radiation  response  of  MOS 
structures,  mainly  in  order  to  give  the  reader  more 
of  an  In-depth  understanding,  In  one  particular 
problem  area,  of  the  complexities  that  may  occur 
when  these  sorts  of  Issues  are  addressed. 

We  begin  with  an  overview  of  the  time- 
dependent  radiation  response  of  MOS  systems  and 
then  discuss  in  some  further  detail  each  of  the 
major  physical  processes  Involved  in  the  response. 
Then  we  turn  to  some  of  the  implications  of  the 
response  for  the  Issues  of  testing,  prediction,  and 
hardness  assurance.  We  end  with  brief  discussions 
concerning  the  Implications  of  scaling  the  gate 
oxide  thickness  down  and  with  leakage  currents 
associated  with  field/passlvation/isolatlon  oxide 
regions  of  IC's. 

3.2  Overview  of  Radiation  Response  of  MOS 
Structures 

Figure  7  shows  a  schematic  energy  band 
diagram  for  an  MOS  structure  where  positive  bias 
is  applied  to  the  gate,  so  that  free  electrons  In  the 
oxide  layer  will  be  swept  toward  the  gate  and  holes 
will  be  attracted  to  the  SI  substrate.  (In  an  energy 

(4)  RADIATION-INDUCED 
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Figure  7.  Schematic  energy  band  diagram  of  StO»  MOS 
etructuie  for  poeltlve  gate  biae,  Indicating  major  pftyelca) 
proceeoea  underlying  radiation  reaponae. 
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band  diagram— which  is  essentially  equivalent  to  a 
potential  energy  diagram — electrons  want  to  fall 
downhill,  whereas  holes  will  float  upwards.)  Also 
indicated  in  figure  7  are  the  four  major  basic  proc¬ 
esses  contributing  to  the  radiation  response  of 
such  a  system,  which  we  now  discuss. 

As  already  mentioned  several  times,  the  part  of 
an  MOS  structure  most  sensitive  to  ionizing  radia¬ 
tion  is  the  oxide  insulating  layer  (Si02),  which  in 
present-day  devices  is  generally  less  than  100  nm 
thick.  When  the  radiation  passes  through  the  oxide, 
the  energy  deposited  creates  electron/hole  pairs, 
in  SI02,  the  radiation-generated  electrons  are 
much  more  mobile  than  the  holes,  and  they  are 
swept  out  of  the  oxide  (collected  at  the  gate  elec¬ 
trode)  In  times  on  the  order  of  picoseconds  [12]. 
However,  In  that  first  picosecond  or  two,  some 
fraction  of  the  electrons  and  holes  will  recombine. 
This  fraction  depends  greatly  on  the  applied  field 
and  on  the  energy  and  type  of  the  Incident  part’cle. 
The  holes  which  escape  initial  recombination  are 
relatively  immobile  and  remain  behind  near  their 
points  of  generation,  causing  negative  voitage 
shifts  In  the  electrical  characteristics  of  MOS 
devices,  e.g.,  In  threshold  voltage  (Vr)  for  MOS 
transistors  (MOSFET's)  or  flatband  voltage  (V/*)  for 
MOS  capacitors.  These  Initial  processes  of  pair 
creation  and  prompt  recombination— which  deter¬ 
mine  the  actual  charge  (hole)  yield  in  the  SIO»  film 
and  consequently  the  Initial  (maximum)  voltage 
shift— constitute  the  first  major  factor  of  the  MOS 
response. 

Over  a  period  of  time  extending  typically  at 
room  temperature  from  I0'r  s  to  the  order  of 
seconds  (but  much  longer  at  lower  temperatures), 
the  holes  undergo  a  rather  anomalous  stochastic 
hopping  transport  through  the  oxide  in  response  to 
any  electric  fields  present.  (They  move  toward  the 
SI  substrate  for  the  gate  bias  situation  depicted  in 
fig.  7).  This  hole  transport  process,  which  is  verv 
dispersive  in  time,  is  the  second  major  factor  of  the 
MOS  response.  It  gives  rise  to  a  short-term,  transi¬ 
ent  recovery  in  the  voitage  shifts  and  is  sensitive  to 
many  variables  including  primarily  applied  fieid, 
temperature,  and  oxide  thickness,  and,  to  a  lesser 
extent,  oxide  processing  history. 

When  the  holes  reach  the  SiO»  interface  (for 
positive  applied  gate  bias),  some  traction  of  them 


are  captured  in  long-term  trapping  sites,  and  cause 
a  remnant  negative  voltage  shift  that  is  not  sensi¬ 
tive  to  the  silicon  surface  potential  and  which  can 
persist  In  time  for  hours  to  years.  This  long-lived 
radiation-induced  voltage  shift  component  is  the 
most  commonly  observed  form  of  radiation  dam¬ 
age  in  MOS  devices.  The  long-term  trapping  of 
holes  near  the  SI02/SI  Interface,  as  well  as  their 
subsequent  annealing  In  time,  constitutes  the  third 
major  factor  of  MOS  response  indicated  on  fig¬ 
ure  7;  hole  trapping  and  annealing  are  very  sen¬ 
sitive  to  the  processing  of  the  oxide  and  to  other 
variables  such  as  field  and  temperature. 

The  fourth  and  final  component  of  MOS  re¬ 
sponse  is  that  of  a  radlatlon-irduced  buildup  of 
interface  traps  right  at  the  SiC^/Si  interface.  These 
are  localized  states  with  energy  levels  within  the  Si 
bandgap.  Their  occupancy  Is  determined  by  the 
location  of  the  Fermi  level  at  the  Interface,  and, 
consequently,  the  radiation-induced  Interface  traps 
give  rise  to  a  voltage  shift  component  which 
depends  on  the  silicon  surface  potential,  in  gen¬ 
eral,  there  can  be  both  prompt  interface  traps, 
present  immediately  after  a  radiation  pulse,  as  well 
as  a  delayed  time-dependent  buildup  of  states 
which  can  continue  for  thousands  to  tens  of  thous¬ 
ands  of  seconds  at  room  temperature.  Both  the 
magnitude  and  nature  (relative  ratio  of  prompt  and 
delayed  components)  of  the  interface  traps  are 
also  highly  dependent  upon  oxide  processing,  as 
well  as  upon  other  variables  such  as  temperature 
and  applied  field  (both  magnitude  and  polarity). 

A  major  electrical  consequence  of  the 
radiation-induced  charging  of  the  SIQ*  film  (includ¬ 
ing  transporting  aoles,  trapped  holes,  and  interface 
traps)  is  a  shift  in  pertinent  voltage  operating  points 
for  devices,  such  as  in  the  threshold  voltage  Vr  for 
a  MOSFET.  Let  us  write  the  threshold  voltage  as 

V*(t)  =  V?  +  AVr(t).  (1) 

where  Vf  is  the  threshold  voltage  before  irradiation 
and  AVr(!)  is  the  voltage  shift  following  radiation 
exposure,  and  for  reasons  already  discussed, 
AVrft)  is  in  general  time  dependent.  The  preirradia¬ 
tion  threshold  voltage  is  defined  and  its  explicit 
expression  is  given  in  any  textbook  discussing 
MOS  transistors  (13-16J.  It  depends  upon  tempera¬ 
ture,  gate-semiconductor  work  function  difference. 
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substrate  doping  density,  oxide  layer  thickness, 
and  substrate  bias.  There  are  also  contributions 
from  any  oxide  charges  and  Interface  traps  existing 
before  irradiation  (and  there  are  always  some  small 
amounts  of  these,  but  usually  for  good  devices 
their  areal  densities  are  ^lO10  cm"*). 

Based  on  figure  7  and  its  discussion,  we  break 
the  radiation-induced  threshold  voltage  shift  into 
three  components: 

AVr(t)  =  AV„(t)  +  AV*(t)  +  AV(l(t) ,  (2) 

where  AV„(t)  is  the  (short-term)  contribution  from 
the  radiation-generated  mobile  holes  transporting 
in  the  oxide  bulk,  AV*(t)  is  due  to  the  deep  trapped 
holes  near  the  interface,  and  AV„(t)  Is  the  contribu¬ 
tion  from  the  charged  Interface  traps.  Note  that  all 
three  components  are  In  general  time  dependent. 
They  are  given  explicitly  as 

AV„(t}  =  -  q/CU  /0***  dx  (x/cU)  n*(x.t) ,  (3a) 


plicitiy,  since  the  transporting  holes  can  be 
distributed  through  the  bulk  of  the  oxide.  For  both 
the  long-term  trapped  holes  and  interface  traps, 
<x>  *  do.,  with  the  resulting  simplifications  ex¬ 
hibited  in  equations  (3b)  and  (3c).  Also  we  note  that 
positive  charge  induces  a  negative  shift  in  V,  and 
negative  charge  a  positive  shift. 

As  a  further  aid  in  understanding  some  of  the 
basic  processes  Involved  in  the  time-dependent 
response  of  MOS  structures,  we  show  in  figure  8 
(from  Srour  [5])  schematic  diagrams  Illustrating  the 
positions  and  magnitudes  of  the  radiation-induced 
charges  In  the  SiOi  before  and  after  an  infinitesi¬ 
mally  short  pulse  of  radiation.  The  processes 
depicted  here  include  charge  generation  arid  initial 
recombination,  hole  transport,  and  long-term  hole 
trapping.  The  annealing  of  the  trapped  holes  and 
interface  trap  buildup  are  not  Included.  Figure  9 
illustrates  schematically  the  corresponding 
capacitance-voltage  (C-V)  curves  for  an  MOS 
capacitor  for  the  times  indicated  In  figure  8. 


AV*0)=  -q/C-AfC(t).  (3b) 

AVM(t)  »  -AQwttyt*, ,  (3c) 

where  q  is  the  electronic  charge,  d»  is  the  oxide 
thickness,  and  C*  Is  the  oxide  capacitance  per  unit 
area  (C*  =  tU)  where  c.  is  the  dielectric  con¬ 
stant  of  the  oxide,  in  equation  (3a).  n*(x,t)  is  the 
space-  and  time-dependent  density  of  free  (mobile) 
holes,  and  distance  x  in  the  oxide  is  measured  rela¬ 
tive  to  the  gate/SiQi  interface.  In  equation  (3b) 
ANh(i)  is  the  radiation-induced  areal  density  of 
deep  irapped  holes  near  the  SK)*/Si  interface:  it  1$ 
time  dependant  both  because  of  its  time-dependent 
buildup  as  the  transporting  holes  reach  the  inter¬ 
face  and  because  of  its  long-term  annealing,  which 
can  extend  out  to  years.  In  equation  (3c).  we  leave 
the  sign  of  the  radiation-induced  interface  irapped 
charge  ACWt)  unspecified,  as  it  can  contribute 
either  a  net  negative  or  net  positive  charge  depend¬ 
ing  on  the  position  of  the  Fermi  level  at  the  Si  sur¬ 
face  at  inversion.  (Usually  AQ«  is  negative  for 
n-channe)  and  positive  for  p -channel  devices  at  the 
threshold  voltage:  see  sect.  3.3.4.)  We  note  that  in 
general  a  voltage  offset  is  simply  proportional  to 
the  first  moment  of  the  induced  oxide  charge 
relative  to  the  gate  interface.  For  the  mobile  hole 
distribution,  equation  (3a)  retains  this  definition  ex- 


The  prelrradlatlon  condition  (t  s  O')  is  depicted 
in  figure  8a— no  oxide  charges:  the  corresponding 
C-V  curve  is  indicated  by  the  t  »  0*  curve  of  fig¬ 
ure  9.  At  t  ss  0  (fig.  8b).  the  radiation  pulse  occurs, 
generating  eiectronihoie  pairs  across  the  oxide 
bulk.  Ina  lime  of  the  order  of  picoseconds  (t  a  0*) 
some  of  the  etectron/hoie  pairs  will  recombine 
(fig.  8c)  and  the  relatively  highly  mobile  electrons 
will  transport  toward  the  gate  and  be  collected 
(fig.  8d).  The  corresponding  C-V  curve  is  shifted  tar 
to  the  left  in  the  negative  voltage  direction,  as  indi- 
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Flgur*  9.  Cepacltarice/voltaga  curves  corresponding  to 
times  and  conditions  shown  In  figure  S  [5]. 


cated  by  the  curve  labeled  t  -  0*  in  figure  9.  The 
magnitude  of  the  flatband  voltage  shift  AVA((f)  is 
maximum  at  this  time.  Then  the  holes  begin  their 
relatively  slow  hopping  transport  toward  the  SI0»/SI 
interface,  where  some  fraction  of  them  are  cap* 
lured  in  the  long-term  trapping  sites.  Figure  8e  at 
?  -  t|  shows  the  intermediate  situation,  where 
some  holes  are  still  transporting,  some  have  been 
collected  by  the  substrate  electrode,  and  some 
have  been  trapped  near  the  interface.  Because 
less  positive  charge  remains  In  the  oxide,  the  C-V 
curve  has  annealed  back  partially  at  t  »  t,  in  the 
positive  voltage  direction  from  Us  initial  shitted 
position  at  t  a  0*.  The  Una!  charge  ',-on‘iguration 
(t  «  tj)  after  completion  of  the  hole  transport  is 
depicted  in  figure  81.  where  only  the  long-term, 
trapped  holes  remain  near  the  SiO»f$i  interface, 
giving  rise  to  a  long-term  hatband  voltage  shift  in 
the  C-v  characteristic,  as  indicated  by  the  l  «  u 
curve  of  figure  9. 

The  overall,  actual  situaiion  is  even  more  com¬ 
plicated  than  figures  8  and  9  would  indicate,  in  gen¬ 
eral,  there  can  be  long-term  annealing  o?  the  deep¬ 
ly  trapped  holes  via  tunneling  of  electrons  from  the 
Si  substrate,  which  gives  rise  to  a  much  slower 
recovery  of  the  C-v  curve  further  toward  the  pre¬ 
irradiation  curve.  And  there  are  radiation-induced 
Interface  traps  which,  in  general,  can  be  present 
both  right  after  irradiation  (t  =  0* )  as  weli  as  contin¬ 
uing  to  build  up  over  long  time  periods.  The  inter¬ 
face  traps  not  only  contribute  to  (he  shift  of  device 
character’stic*  but  also  cause  a  distortion 


(stretchout)  of  the  curves  (C-V  or  l-V)  because  the 
charge  state  of  the  traps  is  dependent  upon  the  sur¬ 
face  potential  (and  hence  upon  the  applied  bias). 

Concluding  this  overview  section,  the  sche¬ 
matic,  time-dependent  recovery  curve  in  figure  10 
shows  the  radiation-induced  shift  In  threshold  vol¬ 
tage  as  a  function  of  log-time  from  ID*4  to  10*  s  for 
a  radiation-hardened  n-channel  MOSFET  under 
positive  gate  bias  at  room  temperature  after  expos¬ 
ure  to  an  Ionizing  radiation  pulse  of  M  ns  in  dura¬ 
tion.  This  figure  is  schematic  in  that  It  does  not 
show  real  data  (over  the  enormous  time  regime 
depicted),  yet  it  is  basically  representative  of  the 
composite  response  of  an  actual  hardened 
n-channel  device.  The  figure  relates  the  major  feat¬ 
ures  of  the  response  with  each  of  the  primary  proc¬ 
esses  indicated  In  figure  7.  The  initial  shift, 
AVi-flO**  s),  which  Is  also  the  maximum  shift,  Is 
determined  mainly  by  the  8lectron/hde  pair  crea¬ 
tion  In  the  SIQi  bulk  and  by  the  Initial  recombination 
processes.  (There  can,  however,  be  some  contribu¬ 
tions  from  annealing  by  hole  transport  during  the 
pulse  and  from  prompt  interface-state  production, 
which  is  low  for  a  hardened  oxide.)  The  short-term 
annealing  that  is  shown  occurring  out  to  about 
10**  s  is  due  to  the  hole  transport  process.  The 
shift  remaining  at  10'*  s  is  primarily  due  to  the  deep 
hole  trapping  near  the  SiCfe/Si  Interface,  which  then 
anneals  out  slowly  in  time  (approximately  linearly 
with  tog-time)  essentially  out  to  infinite  time  (to 
Ip  s  In  tig.  10), 
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Figure  10.  Schema  lie  ume-dependen?  thfeahoW-voUega 
recovery  ot  n-chennel  MOSFET  foiWwInf)  pulsed  Irradle- 
don.  reieHng  major  features  ot  response  to  underlying 
physical  processes- 
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The  solid  curve  in  figure  10  corresponds  to 
transport,  trapping,  and  annealing  of  holes  alrr.e. 
In  addition  to  long-term  annealing  of  trapped  holes, 
however,  a  buildup  of  radiation-induced  interface 
traps  may  occur,  typically  in  the  time  regime  be¬ 
tween  M0*J  and  10*  s,  which  h  indicated  by  the 
dashed  curve  in  figure  10.  (For  an  n-channel 
device,  tne  interface-state  contribution  to  Vr  is 
positive,  corresponding  to  net  negative  interface 
trap  charge  at  the  threshold  voltage.)  If  iha  Inter¬ 
face  trap  contribution  is  relatively  large,  the  thresh¬ 
old  voltage  may  actually  recover  past  its  preirradia- 
tion  value  (AVr  going  positive),  giving  rise  to  what  is 
called  superrecovery  or  rebound.  This  effect  can 
also  lead  to  circuit  failure,  if  sufficiently  large,  if 
there  is  a  relatively  large  component  of  prompt  in¬ 
terface  trap  production,  then  there  would  simply  bo 
an  additional  upward  translation  of  the  solid  and/or 
dashed  curves  for  all  time.  Again,  because  of  the 
annealing  of  trapped  positive  charge,  super- 
recovery  or  rebound  could  occur. 

in  any  case,  because  of  the  several  difrerent 
physical  processes  involved,  each  having  different 
characteristic  times,  ft  is  apparent  that  the  overall 
time  history  of  the  recovery  car*  be  fairly  complex, 
with  important  implications  ior  sensible  testing  pro¬ 
cedures,  hardness  as$,,rance,  and  prediction,  in 
simplest  terms,  one  must  N  able  to  extract  from 
test  data— usually  done  over  a  very  limited  time 
regime  and  for  <.  limited  range  of  experimental 
conditions— the  expected  performance  of  an  1C  in 
a  particular  threat  environment  vvnich  may  involve 
a  completely  different  time  regime  (perhaps  orders 
of  magnitude  shorter  or  longer).  Before  addressing 
these  issues,  we  first  discuss  in  further  detail  the 
basic  physical  processes  responsible  for  the  com¬ 
plex  time  history  depicted  in  figure  10. 

3.3  Descriptions  of  Physical  Processes 
Underlying  Radiation  Response  of 
MOS  Devices 

In  this  section,  we  provide  a  little  more  detail 
and  discussion  of  each  of  the  physical  mecha¬ 
nisms  mentioned  in  the  previous  subsection  as  be¬ 
ing  important  factors  underlying  the  radiation 
response  of  MOS  devices  (see  fig.  7).  This  is  nol  a 
detailed  exposition  or  review  of  these  subjects; 
rather,  our  intent  is  to  provide  the  reader  a  little 
more  feeling  for  these  processes  by  summarizing 
their  major  characteristics  and  Indicating  the  main 


concepts  used  in  their  model  descriptions.  We  dis¬ 
cuss  a  few  representative  examples  of  data  sets 
for  each  process,  and  also  provide  some  basic  ref¬ 
erences  for  the  reader  to  obtain  further  informa¬ 
tion.  The  reader  not  interested  in  such  detail  may 
wish  to  proceed  to  section  3.4. 

3.3. 1  initia!  Hole  Yield 

The  initial  hole  yield  in  the  oxide  determines  the 
initial  (maximum)  voltage  shifts  of  MOS  devices 
and  sets  the  scale  tor  the  amount  of  damage  (at 
any  time)  due  to  ionizing  radiation.  The  two  major 
factors  that  determine  the  initial  hole  density  are 
the  eiectron/hoie  pair  creation  energy  and  the  field- 
dependent  fraction  of  holes  which  escapes  the  ini¬ 
tial  recombination  processes.  The  initial  value  of 
the  threshold  voltage  shifts  is  then  simply  related  to 
the  initial  hole  density  via  the  dose  and  geometric 
(oxide  thickness)  factors. 

The  electron/hole  pair  creation  energy  E,  was 
determined  by  Ausman  and  McLean  [17]  to  be  18  ± 
3  eV,  based  on  an  analysis  of  experimental  data  of 
Curtis  et  al  [18].  This  result  has  been  confirmed  in¬ 
dependently  by  others  since  [19,20],  including  a 
recent  more  accurate  set  of  measurements  and 
analysis  by  Benedetto  and  Soesch  [21]  which 
establishes  to  be  17  ±  1  eV. 

From  the  value  of  E,,  the  initial  electron/hole 
pair  density  per  unit  dose  is  easily  determined  to  be 
8.1  x  10u  cm-3  racT^SiOi)  (see  table  2,  sect.  2). 
But  this  initial  density  is  quickly  reduced  by  the  ini¬ 
tial  recombination  processes  occurring  in  pico¬ 
seconds,  before  the  electrons  are  swept  out  of  the 
oxide  and  collected.  The  fraction  of  holes  escaping 
initial  recombination,  f,(E„),  which  determines  the 
final  hole  yield,  is  determined  mainly  by  two  fac¬ 
tors:  the  magnitude  of  the  oxide  electric  field  E„, 
which  is  acting  to  separate  the  charge  pairs,  and 
the  initial  line  density  of  electron/hoie  pairs  created 
by  the  incident  radiation  particle.  The  pair  line  den¬ 
sity,  which  is  determined  by  the  linear  energy  trans¬ 
fer  (LET)  and  therefore  a  function  of  the  incident 
particle  type  and  energy,  Is  inversely  proportional 
to  the  average  separation  distance  between  elec- 
iron/hole  pairs.  Obviously,  the  closer  the  average 
spacing  of  the  pairs,  the  more  recombination  that 
occurs  for  a  given  field,  and  the  less  will  be  the  final 
yield  of  holes. 
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The  initial  recombination  problem  has  not  been 
solved  analytically  for  arbitrary  pair  line  density. 
However,  analytic  solutions  do  exist  in  the  limiting 
cases,  nameiy,  where  the  charge  pairs  are  far 
apart  (geminate  model)  and  the  opposite,  where 
the  electrori/hole  pairs  are  very  close  together  (col¬ 
umnar  model).  The  characteristic  distance  scale 
which  distinguishes  these  cases  Is  the  thermaliza- 
tion  radius  of  a  single  electron/hole  pair,  i.e.,  the 
average  separation  distance  between  an  electron 
and  hole  of  the  same  pair  after  they  have  dissi¬ 
pated  thaii  excess  kinetic  energy  and  reached  ther¬ 
mal  equilibrium  energies.  For  SIO?,  the  average 
thermalization  distance  is  about  8  nm  [17,22j. 

Figure  11  illustrates  schematically  the  two  lim¬ 
iting  cases  for  which  recombination  models  have 
been  solved.  For  the  geminate  case  (fig.  11a)  the 
separation  distance  between  pairs  is  much  larger 
than  the  thermalization  distance.  Then  one  can 
treat  only  the  recombination  between  the  individual 
members  of  the  same  pair.  That  is,  one  need  only 
calculate  the  recombination  probability  of  a  single 
isolated  charge  pair  whose  members  are  attracted 
to  each  other  via  the  mutual  Coulomb  attraction 
while,  at  the  same  time,  they  undergo  both  a  drift 
motion  (in  opposite  directions)  in  response  to  the 
local  electric  field  and  a  random  diffusive  motion 
driven  by  the  thermal  fluctuations  of  the  system. 
The  geminate  recombination  model  was  first  for¬ 
mulated  by  Smoluchowski  [23]  and  later  solved  by 
Onsager  [24],  originally  for  recombination  of  elec¬ 
trons  and  positive  ions  in  gases. 

The  other  limiting  case  (fig.  Itb)  occurs  when 
the  average  pair  separation  distance  is  much  less 
than  the  thermalization  distance.  In  this  case — 
columnar  recombination— the  individual  electron/ 
hole  pairs  lose  their  identity,  and  recombination 
must  be  considered  between  many  electrons  and 
holes  tying  in  a  cylindrical  distribution  around  the 
track  of  the  incident  particle.  Obviously,  the  prob¬ 
ability  of  recombination  of  an  individual  carrier  in 
this  case  is  significantly  greater  than  in  the  gemi¬ 
nate  model  because  of  the  enhanced  probability  of 
recombination  encounters  between  opposite 
charges.  The  columnar  model  was  originally  solved 
by  Jaffe  [25],  expanding  on  previous  work  by  Lan- 
gevln  [26];  more  recently,  a  more  accurate,  numer¬ 
ical  treatment  has  been  done  by  Oldham  [22]  which 
also  extends  the  range  of  applicability  of  the  model. 


Figure  11.  Schematic  diagrams  indicating  limiting  pair  sep¬ 
aration  distances  for  two  recombination  models:  (a)  gem¬ 
inate  (separate  electron/hole  pairs)  and  (b)  columnar  (over¬ 
lapping  electron/hole  pairs). 

These  models  have  been  applied  to  the  initial 
recombination  process  in  thermally  grown  SiOj 
films  with  good  success  in  recent  years.  For 
example,  low-LET  particles  such  as  high-energy 
electrons  (including  the  high-energy  secondary 
Compton  electrons  from  Co60  gamma  interactions) 
generate  a  sparse  density  of  charge  pairs  along 
their  tracks  (for  a  1-MeV  electron,  the  average  pair 
separation  distance  is  -v50  nm),  and  the  geminate 
model  fits  the  results  very  well.  On  the  other  hand, 
very-high-LET  particles,  such  as  protons,  alpha  par¬ 
ticles,  and  other  heavier  ions,  generate  a  high  den¬ 
sity  of  pairs  along  their  tracks  (for  example,  a 
1-MeV  proton  generates  an  electron/hole  pair  on 
the  average  about  every  0.3  nm),  and  the  columnar 
model  Is  successful  in  describing  the  experimental 
results.  As  one  might  expect,  many  experiments  of 
practical  Interest  fall  in  the  transition  region  be¬ 
tween  these  two  models  for  the  limiting  cases  of 
pair  separation  distance.  However,  the  experimen¬ 
tal  results  reflect  a  smooth  continuous  transition 
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between  the  limiting  cases.  That  is,  intermediate 
cases  show  increasing  columnar  behavior  (strong¬ 
er  recombination)  as  the  density  of  electron/hole 
pairs  is  increased.  Figure  12  is  a  compilation  of  a 
number  of  experimental  results  [17,18,20,21,27]  of 
the  fractional  hole  yield  fy  versus  electric  field  for  a 
number  of  particles  spanning  the  range  from  low  to 
high  LET.  For  these  particle  sources  at  a  field  of 
1  MV/cm,  the  yield  varies  from  almost  90  percent 
for  low-LET  particles  (12-MeV  electrons  and  Co60) 
to  only  about  6  percent  for  the  high-LET  2-MeV 
alpha  particles.  This  figure  clearly  shows  that 
recombination  is  a  real  and  often  important  effect 
when  MOS  responses  to  different  radiation  sources 
are  compared. 

Finally,  knowing  the  Initial  pair  volume  density 
per  rad  (g0  =  8.1  X1012  cm-3  racT^SiOj))  and  the 
fractional  hole  yield  after  recombination  fy(E„) 
(from  fig.  12),  the  initial  threshold  (or  flatband)  vol¬ 
tage  shift  is  easily  obtained.  Assuming  a  uniform 
generation  density  across  the  oxide  layer,  the  total 
initial  areal  charge  density  of  holes  which  escape 
recombination  is  AQ*  =  qg0dorfy(E«)D,  where  d«  is 
the  oxide  thickness  and  D  Is  the  dose  In  rad(Si02). 
The  initial  threshold  shift  is  related  to  AQ*  as 

-AVT(0+)  =  AQ*/2C«  =  [qgodaif>(Eor)D]/2C0t  (4) 


where  C,*  =  £«„/cU,  the  factor  of  2  comes  from  the 
fact  that  the  centroid  of  a  uniform  charge  density  is 


Figure  12.  Experimentally  measured  fractional  hole.yleld 
versus  electric  field  In  SiOa  for  a  number  of  Incident 
particles. 


cU/2,  and  a  negative  voltage  shift  is  explicitly  in¬ 
dicated  corresponding  to  the  positive  sign  of  the  in¬ 
duced  charge.  Finally,  substituting  for  the  constant 
factors  in  equation  (4),  we  have 

-AVr(0+)  =  1 .9  X  1 0’8  dify(E«)D  .  (5) 

Here,  the  units  of  AVr  are  volts  if  cU  is  expressed  in 
nanometers  and  D  in  rad(Si02).  Equation  (5)  explic¬ 
itly  shows  the  dependence  of  the  initial  voltage 
shifts  on  oxide  thickness  squared,  indicating  a  sig¬ 
nificant  improvement  in  the  radiation  susceptibility 
of  devices  having  thinner  gate  oxides. 

3.3.2  Hole  Transport 

The  transport  of  the  holes  through  the  SI02 
oxide  layer,  which  is  responsible  for  the  early-time 
recovery  of  Vr  (fig.  10),  has  been  studied  exten¬ 
sively  by  several  groups  [28-39].  It  has  been  found 
to  exhibit  some  rather  unusual  properties,  the  prin¬ 
cipal  ones  being  the  following:  (1)  It  Is  highly  dis¬ 
persive  In  time,  taking  place  over  many  decades  In 
time  following  a  radiation  pulse.  (2)  It  Is  universal  in 
nature,  meaning  that  changes  In  temperature,  field, 
and  thickness  do  not  affect  the  shape  or  overall 
dispersion  of  the  recovery  curves,  when  plotted  In 
terms  of  log-time.  Changes  in  these  variables  affect 
only  the  time  scale  for  the  recovery.  (3)  The  trans¬ 
port  is  field  activated.  (4)  At  temperatures  above 
about  140  K,  the  transport  has  an  Arrhenius-type 
temperature  activation  dependence,  but  below 
~140K,  the  transport  essentially  becomes  ther¬ 
mally  nonactlvated.  (5)  The  characteristic  recov¬ 
ery  time,  or  hole  transit  time,  has  a  strong  super- 
linear  power-law  dependence  on  oxide  thickness. 

Many  of  these  features,  such  as  the  dispersion 
in  time,  universality,  and  superlinear  thickness 
dependence,  can  be  directly  attributed  to  a  wide 
distribution  of  transit  times  of  the  Individual  holes 
through  the  material.  The  wide  distribution  of  tran¬ 
sit  times  is  a  result  of  a  broad  distribution  of  individ¬ 
ual  (microscopic)  event  times  which  extend  Into  the 
time  range  necessary  for  the  fastest  carriers  to 
transit  through  the  sample.  In  essence,  while  some 
carriers  transit  the  sample  very  rapidly  via  a  suc¬ 
cession  of  rapid  events  (e,g„  hops),  other  carriers 
are  immobilized  at  some  point  for  times  on  the 
order  of  or  greater  than  the  transit  time  of  the  fast¬ 
est  carriers.  Such  broad  distributions  of  event 


times  can  be  easily  envisioned  In  several  simple 
situations:  first,  in  hopping  transport,  small  fluctua¬ 
tions  (due  to  disorder)  in  either  the  intersite  hopping 
distance  or  in  activation  energy,  or  even  in  bond 
angles,  can  produce  large  variations  In  the  hopping 
transfer  Integrals  and  hence  lead  to  large  varia¬ 
tions  in  hopping  times;  and  second,  for  transport 
mediated  by  traps  (multiple  trapping),  in  which  the 
carriers  move  via  normal  band  conduction  between 
trapping  events,  relatively  small  variations  In  the 
trap  energy  level  can  lead  to  a  broad  distribution  of 
release  times  from  the  traps.  These  simple  models 
are  indicated  schematically  In  figure  13. 

The  best  overall  description  of  the  experimental 
data  seems  to  be  provided  by  the  hopping  transport 
mechanism.  Specifically,  the  available  transport 
data  on  clean,  hardened  oxides,  In  which  the  short¬ 
term  recovery  is  not  masked  by  significant 
amounts  of  deep  hole  trapping  near  the  SlOj/Si 
Interface,  has  been  successfully  described  by  a 
continuous-time-random-walk  (CTRW)  formalism 
originally  developed  by  Montroll.  Weiss,  Scher,  and 
others  [40-43]  and  applied  to  hole  transport  In  SI02 
by  McLean  et  al  [28,31,32,36-39,44]  and  Hughes 
[29,30,35].  In  essence,  a  response  function  (e.g.,  a 
radiation-induced  voltage  shift)  may  be  character¬ 
ized  by  the  functional  form  F(cr;t/t,),  where  a  Is  a  dis¬ 
order  parameter  describing  the  amount  of  disper¬ 
sion  (or  shape)  of  the  response  and  Is  Independent 
of  T,  Eat,  and  d<*.  These  parameters  enter  only  In 
the  characteristic  time  scale,  t,  =  t.(T,  E*,,  do.),  for 
the  response.  (In  practice,  t,  may  be  taken  as  the 
time  that  half  recovery  ofthe  threshold  voltage  shift 
occurs.)  Explicitly,  for  T  ^  140  K,  t,  Is  given  by 

t.  =  t;  (doi/a)1^  exp[A(E»)/k«T] ,  (6) 

where  t?  Is  a  constant,  Kb  Is  the  Boltzmann  con¬ 
stant,  a  Is  a  hopping  distance,  and  the  field- 
dependent  activation  energy  Is 

A(EJ  =  A,  -  bEo,,  (7) 

where  b  is  a  constant  and  A»  Is  the  low  field  limit  of 
A(E(Mt).  For  clean,  hardened  SI02,  the  parameter  val¬ 
ues  appearing  In  equations  (6)  and  (7)  are  a-  *  0.25, 
a  =  1  nm,  Ao  =  0.65  eV,  b  =  0.05  eV/MV/cm,  and 
t;  «  10-2i  s  If  the  half-recovery  time  of  a  voltage 


Figure  13.  Schematic  diagrams  of  two  possible  transport 
models  which  can  lead  to  large  dispersion  in  carrier  transit 
times:  (a)  trap-modulated  transport  via  valence  band  con¬ 
duction,  and  (b)  hopping  transport  via  tunneling  between 
localized  states. 


shift  is  used  as  a  measure  of  t,.  Note  that  for  a  = 
0.25,  t,  a  c&,  which  Indicates  the  strong  super- 
linear  thickness  dependence  referred  to  earlier. 
With  theue  parameter  values,  the  time  to  reach 
half-recovery  for  a  100-nm  oxide  at  room  temper¬ 
ature  and  for  a  1-MV/cm  field  is  ~3  x  1CT4  s. 

The  specific  intersite  hopping  transfer  mecha¬ 
nism  seems  most  likely  to  be  small  polaron-llke 
hopping  of  the  holes  between  localized,  shallow 
trap  states  having  a  random  spatial  distribution  but 
separated  by  an  average  distance  of  1  nm.  The 
term  polaron  refers  to  the  situation  where  the 
charge  carrier  (hole  in  our  case)  strongly  Interacts 
with  the  surrounding  medium,  Inducing  a  signifi¬ 
cant  distortion  of  the  lattice  or  atom  network  In  the 
Immediate  vicinity  of  the  carrier.  This  situation  Is 
also  sometimes  referred  to  as  self-trapping  of  the 
carrier.  As  the  carrier  moves  via  hopping  through 
the  material,  It  carries  the  accompanying  lattice 
distortion  with  It.  The  strongest  evidence  for  the 
polaron  hopping  mechanism  Is  the  transition  from 
thermally  activated  behavior  above  '■v-140  K  to  an 
essentially  nonactlvated  transport  at  lower  temper¬ 
ature.  This  transition— occurring  at  about  a  quarter 
of  the  Debye  temperature— Is  a  classic  signature 
of  polaron  hopping  [45-47].  We  note,  however,  that 
the  transport  Is  still  strongly  field  dependent  In  the 
low-temperature  nonactlvated  regime. 

Some  of  the  salient  features  of  hole  transport 
are  Illustrated  by  the  data  sets  shown  In  figures  14 
and  15.  Figure  14  shows  the  effect  of  temperature 
[36],  and  figure  15  the  effect  of  oxide  field  [37]. 
These  data  are  measurements  of  the  flatband  vol- 
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those  at  the  earliest  measurement  (MO^s),  but 
rather  are  the  calculated  shifts  before  any  trans¬ 
port  occurs.  The  actual  values  of  AV^(0+)  vary  with 
dose,  field,  and  thickness  as  described  in  the  previ¬ 
ous  subsection.  The  data  are  plotted  In  the  nega¬ 
tive  direction  because  the  voltage  shifts  are  nega¬ 
tive,  indicative  of  net  positive  charge  induced  in  the 
oxide  layer.  Figure  14  shows  the  response  for  a 
series  of  temperatures  between  125  and  293  K  at 
a  single  oxide  field  of  1  MV/cm.  The  strong  temper¬ 
ature  activation  above  141  K  Is  apparent;  in  fact, 
plotting  the  time,  say,  at  which  half-recovery 
occurs  versus  1/T  (Arrhenius-type  plot)  yields  a 
straight  line,  the  slope  of  which  yields  an  activation 
energy  of  ~0.60  eV.  Figure  15  shows  the  response 
at  a  constant  temperature  of  79  K  with  oxide  field 
as  a  parameter  in  the  range  from  3  to  6  MV/cm. 


Figure  14.  Normalized  flatband  voltage  recovery  data  fol¬ 
lowing  pulsed  12-MeV  LINAC  electron  Irradiation  of  96.5-nm 
oxide  MOS  capacitor  under  1-MV/cm  oxide  field  for  series 
of  temperatures  between  124  and  293  K  [36]. 
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Figure  15.  Normalized  flatband  voltage  reoovery  data  fol¬ 
lowing  pulsed  LINAC  eleotron-beam  exposure  for  96.5-nm 
oxide  MOS  oapaoltor  at  80  K  and  for  oxide  fields  from  3  to 
0  MV/om  [37]. 
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The  large  amount  of  time  dispersion  is  apparent 
In  both  figures  14  and  15,  with  the  recovery  taking 
place  over  many  decades  in  time  (something  like  8 
to  10  decades  from  start  to  finish).  The  universal 
feature  of  the  transport  Is  also  evident  In  the  data: 
changes  in  an  external  parameter  (temperature  In 
fig.  14  and  field  In  fig.  15)  do  not  seem  to  have 
much  effect  on  the  shape  of  the  recovery  curves 
when  plotted  in  log-time.  Rather,  the  major  effect  of 
changes  In  these  parameters  Is  simply  to  produce 
a  rigid  translation  of  the  curves  along  the  log-time 
axis;  that  Is,  only  the  time  scale  for  the  transport  Is 
affected  and  not  the  amount  of  dispersion.  In  fact, 
If  these  data  are  replotted  In  time  units  scaled  to  a 
characteristic  recovery  time  (e.g.,  half-recovery 
time),  the  data  for  different  parameter  values 
essentially  trace  out  the  same  universal  curve.  This 
Is  shown  in  figure  16  for  the  temperature  data  of 
figure  14,  where  the  data  for  all  temperatures  in 
terms  of  scaled  time  trace  out  a  universal  curve 
over  ten  or  more  decades  In  time.  In  several  In¬ 
stances,  data  points  from  as  many  as  five  tempera¬ 
tures  overlap  to  a  considerable  degree  In  the  same 
region  of  scaled  time.  The  solid  curve  In  figure  16  is 
the  calculated  response  based  on  the  CTRW  model 
for  a  =  0.25  [44],  Indicating  good  agreement 
overall  of  the  model  with  the  response  data. 


tage  shift  versus  log-time  from  10‘4  to  103  s  follow¬ 
ing  pulsed  12-MeV  electron  (UN AC)  Irradiation  of 
MOS  capacitors.  The  data  in  these  figures  are  all 
normalized  to  the  Initial  shifts,  AV/t(0+),  Immediately 
after  the  radiation  pulse.  The  Initial  shifts  are  not 


The  almost  complete  recovery  of  AV/»  at  late 
times  and  high  temperatures  In  figure  14  Indicates 
very  little  long-term,  or  permanent,  trapping  of 
holes  In  this  particular  sample—a  trapping  fraction 
of  <2  percent  Is  Indicated  by  these  data.  Hence, 
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Figure  16.  Normalized  flatband  voltage  recovery  data  of  figure  14  replotted  with  time  scaled  to  half  recovery  time.  Shows 
universality  of  response  with  respect  to  temperature.  Solid  curve  Is  calculated  CTRW  model  recovery  for  a  =  0.25. 


this  particular  oxide  Is  a  good  (clean,  radiation- 
hard)  oxide  In  which  to  analyze  the  hole  transport, 
not  complicated  by  effects  associated  with  deep 
hole  traps.  We  caution  the  reader  that  the  deep 
hole  trapping  fraction  can  vary  greatly  among  dif¬ 
ferent  oxides,  so  care  must  be  exercised  when 
quantitatively  characterizing  hole  transport  proper¬ 
ties  if  the  trapping  fraction  Is  large  (see  sect.  3.3.3). 

We  see  In  figures  14  and  15  that  little  transport 
or  recovery  occurs  at  the  lowest  temperatures  until 
relatively  long  times  on  the  scale  of  the  experi¬ 
ments.  For  example,  at  80  K  and  for  E„  =  3  MW 
cm,  the  recovery  begins  only  after  TO  8  (fig.  15).  In 
fact,  for  E,,  <  2  MV/cm,  essentially  no  recovery 
takes  place  at  80  K  for  times  of  the  order  of  thous¬ 
ands  of  seconds.  The  holes  remain  frozen  In  place 
very  near  their  point  of  generation.  This  feature  has 
been  used  In  studies  of  the  charge  yield  in  SiOa 
[19,20,27],  It  also  has  severe  implications  for  the 
operation  of  SlOa  MOS  devices  at  cryogenic  tem¬ 
peratures,  if  they  are  exposed  to  Ionizing  radiation. 
Indeed,  there  would  be  no  short-term  recovery  of 
the  devices,  as  Is  the  case  at  room  temperature 
(fig.  10);  the  threshold  voltage  shift  would  remain 
essentially  at  Its  maximum  Initial  value  for  all  prac¬ 
tical  times  (see  sect.  7.1  for  further  discussion  of 
this  point). 


Finally,  figure  17  shows  the  strong  superllnear 
oxide  thickness  dependence  of  the  recovery  time 
as  contained  in  equation  (6).  In  this  figure  we  show 
log-log  plots  of  the  recovery  time  versus  oxide 
thickness  for  two  sets  of  samples  [38]:  one  set  of 
MOS  capacitor  samples  Initially  grown  to  a  thick¬ 
ness  of  98  nm  and  then  etched  back  to  several 
smaller  thicknesses  down  to  41 .3  nm,  and  another 
set  of  as-grown  samples  with  various  thicknesses 
between  21  and  98  nm.  The  relative  displacement 
between  the  two  plots  Is  not  significant,  since  the 
data  for  the  two  plots  were  obtained  under  different 
conditions.  For  the  etched-back  samples,  the  data 
were  recorded  at  79  K  and  5  MV/cm,  and  the  time 
for  AVy*  to  reach  half  recovery  was  used  as  a  meas¬ 
ure  of  the  transit  time.  For  the  as-grown  samples, 
the  data  were  taken  at  220  K  and  1  MV/cm,  and  the 
time  for  AV/»  to  reach  75-percent  recovery  was 
used  as  a  measure  of  the  transit  time.  (The 
75-percent  recovery  point  was  used  in  this  latter 
case  in  order  to  have  a  reliable  horizontal  cut 
through  ail  the  recovery  curves.)  The  Importance  of 
figure  17  Is  that  It  shows  that  the  log-recovery-time 
versus  log-thlcknesa  data  can  be  fit  reasonably  well 
by  straight  lines  In  both  cases,  with  slopes  of  4.2 
and  4.0  for  the  etched-back  and  as-grown  cases, 
respectively.  These  values  agree  very  well  with  the 
prediction  of  a  <&  dependence  from  equation  (6) 
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Figure  17.  Log  of  recovery  time  versus  oxide  thickness  for 
both  etched-back  and  as-grown  oxide  MOS  capacitors  [38]. 


with  a  =  0.25  for  this  oxide.  A  direct  practical 
Implication  of  these  results  Is  that  thinning  the  gate 
oxide  layer  significantly  reduces  the  short-term 
recovery  times  of  radiation-induced  threshold  vol¬ 
tage  shifts. 

3.3.3  Deep  Hole  Trapping  and  Annealing 

Following  exposure  to  Ionizing  radiation  and 
after  the  radiation-generated  holes  have  had  time 
to  complete  their  transport  through  the  oxide,  MOS 
structures  typically  exhibit  a  negative  voltage  shift 
component,  AVM,  In  their  electrical  characteristics 
(e.g.,  Vr,  V*)  that  Is  not  sensitive  to  silicon  surface 
potential  and  that  persists  for  hours  to  years.  This 
long-lived  radiation  effect  component  is  the  most 
commonly  observed  form  of  radiation  damage  in 
MOS  devices  and  Is  attributed  to  the  long-term 
trapping  of  some  fraction  of  the  radiation-gener¬ 
ated  holes  In  the  oxide  layer  within  ~10  nm  of  the 
SIQa/Sl  interface.  This  effect  generally  dominates 
other  radiation  damage  processes  In  MOS  struc¬ 
tures,  including  negative  charge  (electron)  trapping 
and  Interface-state  buildup  effects,  unless  specific 
device  processing  changes  are  made  to  alter  the 
oxide  and  consequently  reduce  the  hole  trapping  or 
enhance  the  other  effects. 


An  Important  point  made  In  the  overview  sec¬ 
tion  (sect.  3.2)  that  is  worth  reiteration  is  the  follow¬ 
ing:  radiation  effects  involving  interface  phenom¬ 
ena  in  general  (hole  trapping  and  long-term  anneal¬ 
ing  (removal)  of  trapped  holes,  interface  trap  build¬ 
up)  are  all  highly  dependent  upon  oxide  processing. 
There  can  be  orders  of  magnitude  variation  In  the 
different  effects  among  oxides  of  varying  process¬ 
ing  histories.  This  is  In  contrast  to  the  bulk  phenom¬ 
ena  of  charge  pair  generation,  recombination,  and 
hole  transport,  in  which  remarkably  little  variation 
Is  observed  among  thermal  oxides  of  greatly  differ¬ 
ent  processing.  Consequently,  in  terms  of  minimiz¬ 
ing  long-term  damage  effects  associated  with  the 
interface  phenomena,  proper  control  of  oxide  (cir¬ 
cuit)  processing  has  been  and  continues  to  be  a 
major  thrust  of  radiation  hardening  efforts. 

The  effect  of  processing  on  the  fraction  of  holes 
which  undergoes  deep,  long-lived  trapping  Is  Illus¬ 
trated  by  the  data  shown  In  figure  18  [48],  Here,  the 
threshold  voltage  shifts  versus  total  dose  are 
plotted  for  two  n-channel  devices  where  the  radia¬ 
tion  hardness  was  varied  by  changing  the  hlgh- 
temperature  processing.  The  dose  rate  was  8  x 
104  rad  per  minute  and  the  measurements  were  ob¬ 
tained  within  10  minutes  of  the  exposure  at  each 
dose.  Clearly,  at  each  dose  there  Is  roughly  an 
order  of  magnitude  difference  In  the  threshold  vol¬ 
tage  shift,  which  in  turn  Is  most  likely  due  to  an 
order  of  magnitude  difference  In  the  number  of  hole 


Figure  18.  Effect  of  processing  variation  on  hole  trapping: 
threshold  voltags  shift  versus  total  dose  for  two  n-ohannel 
MOSFET’s  which  reoelved  different  hlgh-temperature 
processing  [48]. 


32 


traps  present  in  the  two  oxides.  In  general,  the  frac¬ 
tion  of  radiation-generated  holes  that  undergoes 
long-term  deep  trapping  has  been  found  to  vary 
from  as  little  as  1  or  2  percent  for  a  good,  hardened 
oxide,  to  the  order  of  10  to  20  percent  for  good- 
quality  commercial  oxides,  and  to  as  much  as  50  to 
70  percent  in  very  soft  commercial  oxides. 

Evidence  concerning  the  location  of  the 
trapped  holes  is  contained  in  figure  19  which 
shows  long-term  AV^  measured  in  MOS  capacitors 
on  n-type  silicon  Irradiated  to  1  Mrad(SiO»)  at  gate 
voltages  from  - 10  to  10  V  [49].  The  negative  AVyj 
Includes  contributions  from  both  the  oxide  trapped 
charge  and  radiation-generated  Interface  states, 
but  the  response  is  dominated  by  the  trapped  hole 
component.  The  shift  under  positive  V,  Is  much 
greater  than  that  observed  at  equivalent  negative 
Vf.  From  similar  data,  Zalninger  [50]  first  in  1966  in¬ 
ferred  that  the  positive  oxide  charge  must  be  fairly 
mobile  since  it  apparently  moves  rapidly  to  and  is 
trapped  near  the  SIOj/Sl  interface  under  positive 
bias  and  moves  toward  the  gate  under  negative 
bias.  If  bulk  trapping  were  Involved  rather  than  trap¬ 
ping  near  the  Interfaces,  the  shifts  for  positive  and 
negative  polarity  for  the  same  field  magnitude 
would  not  differ  nearly  as  much  as  data  such  as  fig¬ 
ure  19  Indicate.  A  great  amount  of  other  work, 
Including  oxide  etch-back  analysis  [51-54],  internal 
photoemlsslon  spectroscopy  [55,56],  and  Infer¬ 
ences  from  the  postlrradlation  buildup  [57-59]  and 
annealing  [60]  of  the  trapped  charge  all  Indicate 


Figure  19.  Blae  dependence  of  radletlon-lnduoed  voltage 
shift:  radlatlon-Induoed  flatband  voltage  shift  versus  gate 
voltage  for  MOS  oapeoltor  following  l-Mrad(SIOi) 
exposure  [49]. 


that  the  location  of  the  long-term  trapped  holes 
under  positive  gate  bias  is  generally  within  M0  nm 
of  the  SIOj/SI  interface. 

In  a  critical  experiment  which  first  demon¬ 
strated  that  radiation-generated  holes  are  responsi¬ 
ble  for  the  positive  oxide  charging,  Powell  and 
Derbenwick  [53]  used  vacuum  ultraviolet  (VUV) 
light  to  probe  charge  generation  In  MOS  structures. 
Using  MOS  capacitors  with  semitransparent  goid 
gate  electrodes  and  10-eV  light  that  was  absorbed 
and  generated  electron/hole  pairs  In  the  first  10  nm 
of  the  oxide  near  the  gate,  they  found  that  positive 
charge  appeared  at  the  SI02/SI  interface-— well  out 
of  range  of  the  VUV  photons— under  positive  gate 
bias,  while  no  oxide  charging  took  place  under 
negative  bias.  These  results  and  other  effects  they 
observed  indicated  clearly  that  holes  are  mobile  In 
SIOj  and  are  readily  trapped  near  the  SI02/Si  inter¬ 
face.  Later  work  on  charge  generation  and  trans¬ 
port  by  many  investigators,  as  described  In  section 
3.3.2,  confirmed  the  role  of  the  trapped  holes  as 
the  principal  source  of  oxide  charging  In  MOS 
structures  with  thermal  oxides. 

Besides  the  location  of  the  trapped  holes  In  the 
oxide  within  M0  nm  of  the  SIOa/SI  Interface  and 
the  fact  that  the  hole  trapping  fraction  is  highly 
dependent  on  processing,  other  pertinent  pieces  of 
information  concerning  the  characteristics  of  the 
hole  traps— obtained  from  the  work  of  many  Inves¬ 
tigators  over  the  years— include  the  following: 
(1)  The  number  density  of  the  hole  traps  typically 
lies  In  the  range  from  10“  to  1019  cm'1  [51,61-63], 
with  the  corresponding  areal  density  range  being 
from  10ia  to  1013  cm-2.  (2)  The  cross  section  for 
hole  trapping  Is  usually  found  to  be  around  5  x 
I0'u  cm2  for  a  1-MV/cm  oxide  field  [62,63].  (3)  The 
cross  section  decreases  as  EL1/a  for  fields  above 
1  MV/cm  in  magnitude  [64-66].  For  the  data  shown 
In  figure  19,  the  Increase  In  AV/»  as  the  bias  Is  In¬ 
creased  from  zero  Is  attributed  to  the  Increased 
yield  of  holes  with  Increasing  field,  but  the  flatten¬ 
ing  of  the  curve  for  larger  positive  bias  (and  some¬ 
times  a  turn-around  has  been  observed)  Is  probably 
due  to  the  decreasing  cross  section  for  hole  cap¬ 
ture  as  the  field  Increases  above  1  MV/cm.  (4)  It  Is 
commonly  observed  [20,58,59,61,63]  that  the  total 
number  of  trapped  holes,  N0(1  tends  to  a  saturation 
level  In  the  1-  to  10-Mrad  dose  range.  Depending  on 
specific  circumstances,  this  is  due  to  one  or  more 
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operating  factors,  including  trap  filling  (hard  satura¬ 
tion),  large  space  charge  effects  to  the  point  of  field 
reversal  in  some  regions  of  the  oxide  layer,  and 
recombination  of  the  trapped  holes  with  radiation¬ 
generated  electrons  moving  through  the  trapped 
hole  distribution.  (5)  There  are  several  different 
experimental  indications  [54,60,67,68]  that  the 
energy  level  associated  with  most  (but  perhaps  not 
all)  of  the  deep  hole  traps  is  about  3  eV  above  the 
valence-band  edge  of  SiOj.  (6)  Based  upon  an 
increasing  accumulation  of  electron  spin  res¬ 
onance  (ESR)  spectroscopy  data  [67,69,70],  the 
microscopic  structure  of  the  trapped  holes  seems 
to  be  the  so-called  Ei  center,  which  is  a  trlvalent 
silicon  defect  associated  with  an  oxygen  vacancy 
in  the  SiO*  structure  [71-73]. 

In  essence,  present  evidence  suggests  the  fol¬ 
lowing  model  for  the  hole  trapping  process.  The 
SIOj/SI  interface  region  of  MOS  structures  is  char¬ 
acterized  by  high  local  strain  [74]  and  a  deficiency 
of  oxygen  atoms  which  result  in  a  number  of 
strained  Si-Si  bonds  (Instead  of  normal  Si-O-SI 
bonding  configurations).  A  hole  encountering  such 
a  strained  bond  may  break  the  bond  and  recombine 
with  one  of  the  bonding  electrons.  The  resulting 
positively  charged  structure  relaxes  to  the  Ei  cen¬ 
ter  configuration,  with  one  of  the  SI  atoms  retaining 
the  remaining  electron  from  the  broken  bond  and 
the  positive  charge  residing  with  the  other  trlvalent 
SI  atom.  Figure  20  shows  a  simple  schematic  [75] 
of  the  trapping  process. 

Let  us  now  address  the  question  of  the  long¬ 
term  stability  of  the  deeply  trapped  holes.  In  fact, 
the  holes  In  deep  traps  In  the  SIOi  layer  of  an  MOS 
structure  after  Irradiation  are  not  truly  "perma¬ 
nently"  trapped.  Instead,  they  are  observed  to  dis¬ 


appear  from  the  oxide  over  times  from  milliseconds 
to  years.  This  discharge  of  the  trapped  holes,  as 
commonly  observed  at  or  near  room  temperature, 
is  the  major  contributor  to  the  so-called  "long-term 
annealing"  of  radiation  damage  in  MOS  devices. 
The  annealing  of  the  trapped  holes  has  two  mani¬ 
festations  that  may  reflect  different  hole  removal 
processes.  The  first  is  the  slow  bias-dependent 
recovery  of  AV0<  typically  observed  at  normal 
device  operating  temperatures  (-55°  to  125°C, 
for  instance).  Aspects  of  this  process  have  been 
described  through  a  tunneling  model.  The  second 
is  the  relatively  rapid  and  strongly  temperature- 
dependent  thermal  detrapping  or  recombination  of 
the  holes  observed  when  MOS  structures  are  delib¬ 
erately  subjected  to  thermal  annealing  cycles  at 
elevated  temperatures  (150°  to  350  °C).  This  proc¬ 
ess  has  been  described  through  a  thermal  detrap¬ 
ping  model.  We  restrict  our  attention  here  to  just 
the  “tunnel  anneal"  process  Important  at  normal 
operating  temperatures. 

Figure  21  presents  typical  results  for  the  time 
dependence  of  hole  annealing  at  room  tempera¬ 
ture.  Midgap  voltage  shift,  A V*,  (~AVof— see 
sect.  3.4.4),  Is  plotted  as  a  function  of  time  after 
irradiation  for  three  n-channel  MOSFET  samples 
with  different  dry  oxide  processing  [60],  The  dis¬ 
charge  of  the  trapped  holes  is  roughly  linear  in 
log(t).  This  behavior  Is  a  hallmark  of  the  hole  anneal 
process  and  has  been  used  In  convolution 
schemes  for  predicting  the  response  of  MOS 
devices  under  low-dose-rate  irradiation  conditions 
[48,76,77].  We  note  that  the  three  devices  shown  In 
figure  21  have  been  Irradiated  to  different  doses  to 
achieve  roughly  comparable  shifts  for  the  first 
measurements  (20krad  for  the  soft  samples, 
90  krad  for  the  Intermediate  samples,  and  1  Mrad 
for  the  hard  samples). 


Figure  20.  Schematic  of  hole  trapping  prooeaa  Indicating 
(a)  Initial  strained  SI-SI  bond  (oxygen  vacancy)  and  (b)  re¬ 
laxed  E'i  center  configuration  after  hole  oapture  [75]. 


Several  Investigators  have  suggested  a  tunnel¬ 
ing  process  to  explain  the  log(t)  recovery  and  other 
aspects  of  hole  annealing  in  MOS  structures 
[38,60,68,78,79].  These  models  assume  that  elec¬ 
trons  from  the  silicon  substrate  tunnel  to,  and 
recombine  with,  the  trapped  holes  In  the  distribu¬ 
tion  of  traps  near  the  SiOj/SI  interface,  as  Il¬ 
lustrated  by  the  schematic  diagrams  In  figure  22. 
(Equivalently,  one  can  think  of  the  holes  tunneling 
from  the  traps  to  the  silicon  valence  band.)  As  a 
consequence  of  the  exponential  decay  of  the  tun- 
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Figure  21.  Long-term  annealing  data  for  three  MOSFET’s  of 
varying  radiation  hardness.  Devices  reoelved  Indicated 
doses  to  produce  comparable  Initial  shifts  [80]. 


(i)t<t,  (b)t»«, 


Figure  22.  Schematic  of  trapped  hole  removal  by  electron 
tunneling  from  SI  substrata. 


noting  probability  with  distance  Into  the  SIOi,  at  a 
given  time  t  the  hole  traps  are  emptying  at  a  depth 
X*(t)from  the  silicon  that  Increases  logarithmically 
with  time  [80,81]: 

x«(t)  =  mm%),  (8) 

where  0  is  the  tunneling  barrier  height  parameter 
and  t,  Is  the  time  scale  parameter.  For  distances 
only  slightly  greater  than  X*.  essentially  all  the 
traps  remain  full  at  time  t;  for  distances  only  slightly 
less  than  X*,  essentially  all  the  traps  have  been 
emptied  by  tunneling.  Thus,  hole  removal  proceeds 


via  a  “tunneling  front"  that  moves  into  the  oxide 
with  a  "velocity"  AX*  =  1.15//3perdecadeintlme. 
(AX*  has  been  found  to  be  about  0.2  nm  per  decade 
[68,79].)  For  X*  d*  and  a  uniform  distribution  of 
traps  In  the  oxide  within  tunneling  distance  of  the 
silicon,  the  resulting  trapped  charge  loss  (and 
hence  the  decrease  in  AV0,)  at  a  given  time  due  to 
the  tunnel  anneal  is  then  proportional  to  X*;  i.e., 
AV„,  decreases  as  in(t).  Thus  the  tunneling  model 
explains  qualitatively  the  observed  approximate 
log(t)  anneal  of  the  trapped  holes. 

This  simple  model  falls  to  describe  the  ob¬ 
served  responses  In  detail.  As  shown  In  figure  21, 
the  annealing  curves  are  not  completely  linear;  the 
rate  of  annealing  tends  to  decrease  with  time.  This 
Is  clearly  to  be  expected,  since  the  rate  of  anneal¬ 
ing  should  approach  zero  as  the  amount  of  charge 
left  to  be  removed  (remaining  AV„,)  approaches 
zero.  The  simple  log(t)  anneal  arises  from  the 
assumption  that  the  trapped  holes  are  distributed 
uniformly  Into  the  oxide  from  the  silicon  Interface. 
In  reality,  the  hole  trap  density  generally  falls  off 
with  distance  from  the  silicon.  Oldham  et  al  [60] 
assumed  an  exponential  falloff  In  occupied  hole 
trap  density  from  the  interface  and  Incorporated 
this  form  Into  the  appropriate  expressions  from  tun¬ 
neling  theory;  this  yielded  the  solid  line  fits  to  the 
data  as  shown  In  figure  21 .  An  Important  conclu¬ 
sion  from  this  analysis  was  that  the  trapped  hole 
distribution  lies  close  to  the  SIOa/SI  Interface  In 
hard  oxides  (I.e.,  the  distribution  falls  off  relatively 
sharply  from  the  Interface),  whereas  it  extends 
deeper  Into  the  oxide  bulk  for  the  soft  oxides.  This 
is  apparently  related  to  the  size  of  the  strained, 
oxygen-deficient  region  near  the  Interface,  a  prop¬ 
erty  highly  dependent  upon  processing  conditions. 
The  fact  that  the  tunneling  rate  depends  exponen¬ 
tially  on  tunneling  distance  then  explains  the  many 
orders  variation  in  long-term  annealing  rates 
among  different  oxides  [82]. 

Additional  aspects  of  the  tunnel  anneal  process 
are  its  dependencies  upon  temperature  and  oxide 
field.  The  temperature  effect  seems  to  be  ade¬ 
quately  explained  [68]  by  a  linear  temperature  de¬ 
pendence  of  the  trap  energy  levels,  E,(T)  =  EJ  - 
bT,  where  EJ  =  3.6  eV  and  b  »  2.0  meV/K.  The 
electric  field  dependence  arises  from  the  field  mod¬ 
ification  of  the  tunneling  potential  barrier  height;  a 
positive  electric  field  has  the  effect  of  lowering  the 
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barrier  to  tunneling  and  thereby  increases  the  rate 
of  annealing. 

3.3.4  Radiation-Induced  Interface  Traps 

Interface  traps  (N„)  are  localized  electronic 
states  located  at  or  very  near  the  Si02/Sl  interface, 
having  their  energy  ievels  distributed  within  the  Si 
bandgap.  They  can  exchange  charge  with  the  SI 
conduction  and  valence  bands.  Their  occupancy, 
or  charge  state,  depends  upon  the  position  of  the 
Fermi  level  at  the  interface,  i.e.,  upon  the  value  of 
the  surface  potential.  The  major  effects  of  N„  in 
MOS  systems  are  to  (1)  produce  distortions  in 
device  characteristics  (e.g.,  C-V,  or  l-V,)  as  the  gate 
bias  is  varied;  (2)  shift  the  threshold  voltage  due  to 
the  net  interface  trapped  charge  at  the  turn-on  or 
Inversion  point;  and  (3)  Introduce  additional 
Coulomb  scattering  centers  for  carriers  moving  in 
the  surface  channel  of  a  MOSFET  which  degrade 
the  carrier  mobilities.  Before  Irradiation,  the  areal 
density  of  Interface  traps  in  good  modern  devices 
Is  2fl0‘°  cm‘a,  a  density  such  that  N„  effects  nor¬ 
mally  are  not  much  of  a  problem. 

Upon  Irradiation,  however,  Interface  traps  can 
build  up  to  a  significant  level,  resulting  In  discern¬ 
ible  effects  In  devices.  As  mentioned  In  section  3.2, 
In  general  two  components  of  radiation-induced 
Interface  traps  (AN,,)  have  been  observed,  one  a 
prompt  component  present  at  the  earliest  meas¬ 
urements  following  an  irradiation  and  the  other  a 
time-dependent  component  which  can  continue 
building  up  for  thousands  of  seconds.  The  relative 
ratio  of  the  two  components  can  vary  greatly,  with 
one  or  the  other  dominating  in  a  particular  system. 
As  a  rather  loose  general  statement,  the  delayed 
time-dependent  AN,,  seems  to  dominate  In  metal 
(aluminum)  gate  devices  [83-89],  prompt  AN„ 
dominates  in  thick,  steam  oxides  (as  used  as  field 
oxides)  [90,91],  and  both  components  seem  to  be 
present  In  more  or  less  comparable  amounts  In  the 
polysilicon  gate  devices  [92]  that  are  more  repre¬ 
sentative  of  present-day  technology. 

An  example  Illustrating  the  effect  of  the  time- 
dependent  buildup  of  N„  Is  shown  In  figure  23, 
which  shows  C-V  traces  of  an  aluminum-gate  dry 
oxide  MOS  capacitor  both  before  Irradiation  and  for 
a  series  of  times  from  0.04  to  400  s  following 


Figure  23.  High-frequency  1>MHz  C-V  curves  of  MOS  Al-gate 
capacitor  at  several  times  following  pulsed  electron-beam 
irradiation  [83]. 


pulsed  200-krad(SIOa)  UNAC  electron  beam  expo¬ 
sure  [83],  At  the  first  measurement  following 
Irradiation  (0.04  s),  the  C-V  curve  is  simply  shifted 
along  the  negative  voltage  axis  without  discernible 
change  in  Its  shape  compared  to  the  preirradiation 
trace,  Indicative  simply  of  positive  charge  being  In¬ 
duced  In  the  oxide.  The  next  few  curves  (at  0.4  and 
4.0  s)  show  a  rigid  shift  back  in  the  positive  voltage 
direction  with  little  change  In  shape  because  of  a 
combination  of  the  tall  end  of  the  hole  transport 
process  and  deep  trapped  hole  annealing.  How¬ 
ever,  between  4.0  and  40  s  a  significant  change  or 
stretchout  In  the  shape  of  the  C-V  trace  occurs,  and 
the  stretchout  becomes  even  greater  at  400  s.  This 
distortion  is  directly  attributed  to  the  delayed  build¬ 
up  of  radiation-induced  N„. 

Figure  24  shows  the  time-dependent  buildup  of 
Interface  trap  density  (for  states  with  energies  be¬ 
tween  midgap  and  Inversion)  for  Al-gate  wet  oxide 
capacitors  for  a  series  of  oxide  fields  between  1 
and  6  MV/cm,  from  2  to  almost  10®  s  following 
pulsed  UNAC  Irradiation  [84].  Note  that  the  final  N„ 
levels  In  this  case  are  almost  solely  due  to  the  time- 
dependent  buildup  process.  There  is  obviously  a 
strong  field  dependence  on  both  the  rate  of  buildup 
and  the  final  value  of  N„.  For  all  fields,  the  buildup 
apparently  begins  on  the  order  of  seconds  (the 
point  at  1  s  on  figure  24  Is  also  the  preirradiation  N„ 
value),  continuing  for  several  hundred  seconds  at 
the  highest  field  (6  MV/cm)  before  leveling  off.  For 
the  lower  field  values  (1  and  2  MV/cm)  the  genera¬ 
tion  rate  is  much  lower,  but  N„  is  still  seen  to  be  in¬ 
creasing  even  at  the  latest  measurement  times. 
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Figure  24.  Integrated  Interface  trap  density  between  mid¬ 
gap  and  Inversion  surface  potentials  as  function  of  time 
following  pulsed  electron-beam  exposure  for  several  values 
of  oxide  field  [64]. 

In  figure  25,  the  field  dependence  of  the 
radiation-induced  interface  trap  buildup  is  com¬ 
pared  for  three  types  of  MOS  capacitors  [93]: 
aluminum  gate,  poiysilicon-gate  samples  receiving 
"typical  Si-gate  processing,"  and  special  "hard¬ 
ened"  Si-gate  capacitors.  Plotted  in  the  figure  is 
the  increase  in  interface  trap  density  between  mid¬ 
gap  and  Inversion  following  1-Mrad(SIOa)  irradia¬ 
tion  as  a  function  of  oxide  electric  field  for  both 
positive  and  negative  polarities.  The  AN«  for  the  Si- 
gate  samples  contained  both  prompt  and  delayed 
time-dependent  components.  In  all  three  samples, 
the  AN„  is  much  less  under  negative  bias  polarity 
than  positive  polarity  (note  the  log  scale  for  AN,,). 
The  N„  buildup  for  the  Al-gate  capacitors  increases 
with  increasing  positive  field,  in  general  agreement 
with  the  earlier  data  of  figure  24,  However,  the  Si- 
gate  capacitors  exhibit  a  rapid  Increase  In  N„  pro¬ 
duction  for  positive  fields  up  to  MV/cm,  but 
which  peaks  In  the  range  from  1  to  2  MV/cm  and 
then  drops  off  somewhat  at  higher  fields.  It  is  clear 
that  there  are  some  qualitative  differences  in  the 
mechanisms  of  N„  buildup  in  Al-gate  and  Si-gate 
systems.  These  differences  are  not  understood  at 
the  present  time,  although  they  are  likely  to  be 
associated  with  differences  In  the  nature  of  the 
generation  mechanisms  for  the  prompt  and  de¬ 
layed  time-dependent  components.  Note  also  in  fig¬ 
ure  25  that  for  normal  operating  fields  of  1  to 
2  MV/cm,  the  AN„  for  the  typical  commercial  Si- 
gate  process  is  about  five  times  greater  than  that 
for  the  Al-gate  samples.  This  Increased  AN„  is  com¬ 
monly  observed  for  Si-gate  technologies.  The 
magnitude  of  the  interface  trap  production  in  the 


Figure  25.  Oxide  Held  dependence  ol  rtdletlon-lnduced 
Interface  trep  buildup  following  1-MredtSIO,)  Irradiation  in 
three  MOS  capaoltore  having  different  gate  atructuree  [03]. 

"improved"  Si-gate  process  in  the  figure  is  com¬ 
parable  to  that  In  the  Al-gate  process. 

We  have  attempted  with  the  discussion  thus  tar 
to  illustrate  some  of  the  major  observations  that 
have  been  made  concerning  the  buildup  of 
radiation-induced  Interface  traps,  such  as  the  exist¬ 
ence  of  prompt  and  delayed  time-dependent  com¬ 
ponents,  the  strong  bias  polarity  effect,  the  depend¬ 
ence  on  the  magnitude  for  positive  fields,  and  the 
strong  dependence  on  oxide  processing  Including 
the  differences  between  aluminum  gate  and  poly* 
sllicon  gate  structures.  At  the  present  time,  the 
precise  mechanisms  responsible  for  the  interface 
trap  buildup  are  not  well  understood,  and  in  tact  the 
general  area  of  SIQ»/SI  interface  traps  and  their 
generation  under  various  stresses  (radiation,  high 
electric  fields,  hot  carrier  injection,  etc)  is  a  com¬ 
plex  subject  of  intense  current  interest  and  debate. 
It  Is  beyond  the  scope  of  the  present  discussion  to 
attempt  e  review  of  this  area  and  particularly  to 
sort  it  out.  We  conclude  this  section  simply  by 
noting  without  discussion  some  other  observations 
that  have  been  made  concerning  the  characteris¬ 
tics  of  radiation-induced  interface  traps  and  factors 
that  may  be  contributing  to  their  buildup. 

(1)  There  Is  much  evidence  that  N„  buildup  Is 
associated  with  the  hole  transport,  trapping,  and 
annealing  processes  (63-89,94,95]. 
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(2)  There  may  also  be  a  strong  correlation  of 
the  buildup  with  hydrogen  or  water  content  of  the 
oxide,  and  in  fact  arguments  have  been  made  that 
the  time-dependent  buildup  is  associated  with  the 
release  (during  the  hole  transport  phase)  and  diffu¬ 
sion  of  hydrogen,  or  a  water-related  species,  from 
the  oxide  bulk  to  the  interface  [96-101]. 

(3)  The  amount  of  interfacial  strain — which  is 
highly  variable  with  processing — seems  to  be  an 
important  factor  [74,89,102-104]. 

(4)  The  rate  of  buildup  of  the  time-dependent 
N„  component  increases  with  temperature;  how¬ 
ever,  the  final  density  at  long  times  is  essentially 
independent  of  temperature  [84,86,99]. 

(5)  Annealing  of  interface  traps  has  not  been 
observed  at  normal  operating  temperatures 
[84,86];  significant  annealing  occurs  only  for  T  2 
150*0  [105]. 

(6)  In  many  cases  a  subtinear  dependence  of 
AN,,  on  dose  (~D2y3)  has  been  observed,  particu¬ 
larly  for  the  delayed  time-dependent  component 
(84,87,106,107]. 

(7)  The  magnitude  of  N„  buildup  is  generally 
observed  to  decrease  with  decreasing  oxide  thick¬ 
ness  (38,106,108-111]. 

(8)  The  energy  distributions  of  radiation- 
induced  interface  traps  are  commonly  observed  to 
be  U-shaped,  with  a  minimum  near  midgap  and  ris¬ 
ing  toward  both  the  conduction  and  valence  band 
edges  (83,84.1 12].  However,  there  is  debate  on  the 
existence  of  intermediate  structures,  such  as 
peaks  (113]. 

(9)  The  Interface  traps  seem  fo  he  amphoferlc 
in  naiure,  that  is.  they  have  a  net  negative  charge 
(acceptor-tike)  when  the  Fermi  level  (E*)  el  the  sur¬ 
face  is  in  the  top  half  of  the  Si  bandgap;  they  have 
net  positive  charge  (donor-like)  when  E*  is  in  the 
bottom  half  of  the  bandgap;  and  they  are  charge 
neutral  whan  Er  is  near  midgap  (i  13-1 16].  This  lat¬ 
ter  statement  is  important  for  charge  separation 
(between  AV„  and  AV„)  techniques,  as  is  discussed 
in  section  3.4. 

(10)  The  evidence  originating  from  ESR  spec¬ 
troscopy  indicates  that  (at  least  for  a  large  fraction) 


the  microscopic  structure  of  the  interface  trap  is 
that  of  an  Si  atom  at  the  interface  back-bonded  to 
three  Si  atoms  on  the  silicon  side  and  having  a 
single  broken  dangling  bond  extending  into  the 
SiO».  This  is  called  the  Pi  center  by  the  ESR  spec¬ 
troscopes  [117].  The  amphoteric  nature  of  the 
states  is  attributed  to  the  broken  dangling  bond 
containing  0,  1.  or  2  electrons,  with  the  charge 
state  of  the  P*  center  as  a  whole  therefore  being 
positive,  neutral,  or  negative,  respectively  [113, 
115,118,119].  We  should  qualify  these  statements, 
however,  to  the  extent  that  most  of  the  ESR  work  to 
date  has  been  done  on  (1 1 1)  Si  interfaces  to  obtain 
the  maximum  ESR  signals;  not  much  has  been 
done  on  the  technologically  more  important  (100) 
Si  interface,  in  fact,  there  Is  much  active  discus¬ 
sion  at  present  as  to  whether  the  midgap  charge 
neutrality  condition  actually  holds  for  the  (100)  Si 
interface  (see  sect.  3.4.4). 

(11)  Since  the  radiation-induced  interface 
traps  lie  at  or  very  near  the  SIQ»/Si  interface, 
they— especially  when  charged— Introduce  addi¬ 
tional  scattering  centers  for  the  conducting  chan¬ 
nel  carriers  m  MOSFET's;  these  are  In  addition  to 
the  normal  scattering  from  surface  roughness.  Ion¬ 
ized  dopants  or  other  Impurities  in  the  surface 
region,  and  lattice  vibrations  (phonons).  As  a  con¬ 
sequence,  AN„  can  lead  to  reduction  of  the  carrier 
mobilities  and  hence  to  degradation  in  the  trans¬ 
conductance  [120].  This  is  normally  a  secondary 
effect  In  the  low  to  moderate  dose  range  (£i  Mrad), 
but  can  become  a  serious  factor  In  circuit  degrada¬ 
tion  or  failure  at  high  dose  levels  by  causing  a 
significant  decrease  in  circuit  speed. 

3.4  Implications  tor  Radiation  Testing, 
Hardness  Assurance,  and 
Prediction 

We  have  emphasized  the  complex  time  history 
of  the  radiation  response  of  MOS  systems  occur¬ 
ring  from  microseconds  fo  the  order  of  years.  This 
complex  response  originates  from  fhe  variety  of 
distinct  basic  processes  contributing  to  the  re¬ 
sponse;  initial  hole  yield,  hole  transport,  deep  hole 
trapping  and  annealing,  and  the  buildup  of  inter¬ 
face  traps.  Characteristic  time  regimes  are  asso¬ 
ciated  with  each  process;  these  are  generally  func¬ 
tions  of  temperature,  field,  oxide  thickness,  etc, 
and  may  overlap  with  each  other.  Figure  26  is 
another  version  of  the  schematic  time-dependent 
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Figure  26.  Schematic  tlmedependent  threshold-voltage 
recovery  of  n-channel  MOSFET  following  pulsed  Irradia¬ 
tion,  Indicating  characteristic  room-temperature  time 
regimes  associated  with  various  basic  physical  processes, 
as  well  as  various  possible  long-term  responses. 

threshold-voltage  recovery  of  an  n*channel  MOS¬ 
FET,  but  with  the  various  characteristic  time 
regimes  (at  room  temperature)  explicitly  noted,  as 
well  as  the  various  long-term  behaviors  Illustrated: 
recovery  without  AN*,  with  prompt  AN*,  and  with 
time-dependent  AN*  buildup.  Another  very  signifi¬ 
cant  complication  is  the  large  variation  among  dif¬ 
ferent  oxides  in  the  magnitudes  of  phenomena 
associated  with  the  SlQ*fSi  interface,  including  in 
particular  large  relative  variations.  These  varia 
lions  arise  mainly  from  differences  in  oxide  proc¬ 
essing.  All  these  factors  greatly  complicate  issues 
dealing  with  radiation  testing,  hardness  assurance, 
and  response  prediction  of  circuits  in  potential 
threat  environments. 

It  is  obvious  upon  a  little  reflection  that  it  is  im¬ 
portant  to  bear  in  mind  the  specific  radiation 
environment  and  the  time  regimes  oi  operational 
interest  when  attempting  to  assess  the  hardness 
level  of  a  particular  circuit,  in  many  cases,  one 
must  perform  radiation  hardness  testing  in  some 
practical^  dictated  time  regimes  (as  wall  as  dose 
and  dose  rate  regimes),  when  the  actual  opera¬ 
tional  use  in  the  anticipated  Ihreai  environment 
may  be  for  entirety  different  time,  dose,  and  dose 
rate  regimes.  Because  of  the  complex  time 


response,  extrapolations  of  test  data  to  operational 
situations  are  nontrivial.  Stated  very  simply,  one 
cannot  generally  place  a  circuit  in  a  radiation  est 
source  (e.g.,  Co60),  take  it  out,  and  at  some  one 
later  time  make  a  measurement  of,  say,  threshold 
voltage  shift  and  then  use  this  one  data  point  to 
assess  the  hardness  level  of  the  circuit  for  some 
other  radiation  environment  and  time  regime  of 
operational  use. 

Over  the  past  few  years,  there  have  been  (and 
continue  to  be)  much  practical  interest  and  much 
effort  by  a  number  of  workers  in  the  community  In 
trying  to  arrive  at  useful  and  sensible  testing  and 
prediction  procedures  for  MOS  circuits.  Our  pur¬ 
pose  here  is  not  to  delve  into  this  subject  area,  but 
rather  simply  to  point  out  some  of  the  issues  and 
problems  originating  from  the  basic  mechanisms  of 
the  response.  In  this  section,  we  briefly  discuss 
several  selected  but  important  issues  of  ongoing 
concern,  including  superrecovery  or  the  rebound 
effect,  apparent  dose-rate-dependent  effects, 
trapped  hole  saturation  effects,  charge  separation 
techniques,  classification  of  oxide  response,  and 
dose  enhancement  considerations.  For  the  most 
part,  we  will  assume  that  we  are  dealing  with  suffi¬ 
ciently  long  time  scales  (Si  s)  such  that  the  hole 
transport  phase  can  be  considered  finished  and 
only  the  effects  relating  to  AN*,  and  AN*  need  be 
considered. 

3.4.  f  Supertocovery  (Rebound  BHect) 

We  have  noted  that  deeply  trapped  holes  (AN*) 
can  anneal  out  over  very  long  periods  of  time.  We 
also  mentioned  that  interface  traps  (AN*)  have  not 
been  observed  to  anneal  out  at  normal  operating 
temperatures.  Furthermore.  AN*  may  continue  to 
build  up  over  lime.  Since  for  an  n-channei  device 
under  positive  bias  the  interface  traps  contribute 
net  negative  charge  and  therefore  a  positive  contri¬ 
bution  (AV*)  to  the  threshold  voltage,  these  factors 
taken  together  may  lead  to  the  phenomenon  called 
superrecovery  (121)  or  rebound  (122).  Namely,  at 
the  end  of  an  irradiation,  the  threshold  voltage  for 
an  n-channel  MOSFET  is  generally  shifted  nega¬ 
tively.  since  Iho  (negative)  voltage  contribution  AV* 
from  the  trapped  holes  usually  dominates  AV*.  at 
least  tor  doses  up  to  i  Mrad  or  so.  However,  as  an¬ 
nealing  of  the  trapped  holes  occurs  and/or  further 
buildup  of  the  interface  trapped  charge  occurs,  the 
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threshold  voltage  may  actually  anneal  back  to  and 
past  Its  initial  preirradiation  value;  i.e.,  AVr  may  go 
positive  at  some  late  time  after  cessation  of  the 
radiation.  If  the  positive  voltage  excursion  is  suffi¬ 
ciently  large,  circuit  failure  may  result  from  this 
effect  as  well  as  for  a  negative  excursion. 

The  rebound  effect  is  clearly  demonstrated  by 
the  data  shown  in  figure  27  [122].  Here,  the  thresh¬ 
old  voltage  of  a  polysilicon-gate  n-channel 
MOSFET,  as  well  as  the  separate  components  AV„ 
and  AV0„  is  plotted  against  time  after  exposure  to 
1-Mrad  Co80  irradiation,  which  is  completed  in 
1  hour.  A  gate  bias  of  +  IQ  V  was  maintained  dur¬ 
ing  both  irradiation  and  the  anneal  time.  Data  for 
two  temperatures  are  shown,  for  25  "C  and  for 
125°C  (which  accelerates  the  rate  of  hole  anneal¬ 
ing).  At  neither  temperature  is  there  observed  any 
annealing  of  AVrt,  but  rather  some  slight  increase  in 
AV„  after  cessation  of  the  irradiation  is  discernible. 
The  impor+ant  point,  of  course,  is  that  Vr,  which  Ini¬ 
tially  at  the  end  of  the  irradiation  is  shifted  negative¬ 
ly  by  about  a  volt,  returns  in  the  positive  direction 
far  past  its  preirradiation  value.  In  fact,  after  100 
hours  of  anneal  at  125°C,  AVof  is  completely  an¬ 
nealed,  leaving  a  final  positive  shift  In  Vr  of  +  2.5  V, 
which  Is  due  entirely  to  Interface  trapped  charge 
(most  of  which  was  already  present  at  the  end  of 
Irradiation). 


FlflUft  27.  Thrsihold  volttgs  shift  of  n-ohimnal  MOS  (ran- 
llator  during  irradiation  and  annaal  with  Vr  aaparatad  Into 
ahlfta  dua  to  interlace  trappad  charge  (AV„)  and  oxide 
trapped  charge  (4V„).  long-term  reeponae  llluatratea  re¬ 
bound  effect  (122). 


There  are  some  interesting  possibilities  associ¬ 
ated  with  this  effect.  For  example,  a  device  may  ini¬ 
tially  be  in  failure  at  the  end  of  an  irradiation 
because  of  a  sufficiently  large  negative  voltage 
shift,  and  then  as  the  trapped  holes  anneal,  the 
device  may  begin  operating  normally  at  some  time 
and  continue  operating  until  the  device  fails  again 
from  too  grea;  a  positive  threshold  voltage  excur¬ 
sion.  We  may  also  note  In  this  regard  that  some 
hardening  schemes  in  the  past  have  attempted  to 
rely  on  the  compensation  of  trapped  positive  (hole) 
charge  by  net  negative  interface  trapped  charge. 
However,  this  type  of  hardening  fix  is  risky  at  best, 
because  utmost  control  must  be  maintained  over 
the  oxide  processing  to  avoid  too  much  radiation- 
induced  N„  and  consequently  failure  by  rebound  at 
long  times.  Such  careful  control  of  the  processing 
is  usually  not  possible  in  the  long  run  for  production 
lines.  The  optimum  hardening  approach  is  to  mini¬ 
mize  both  ANot  and  AN„  [93]. 

3.4.2  Apparent  Dose  Rate  Effects 

A  related  problem  area  is  that  of  an  apparent 
dose  rate  effect  on  device  response.  That  Is,  meas¬ 
urements  of  device  response  (e.g.,  A Vr)  at  the  end 
of  Irradiation  to  a  fixed  total  dose  but  delivered  at 
different  dose  rates  usually  will  show  different 
results.  This  Is  clearly  a  result  of  the  complex  time 
history  of  the  response  In  which,  for  example,  dif¬ 
ferent  amounts  of  trapped  hole  annealing  will  occur 
during  Irradiation  for  different  exposure  times  (to 
the  same  dose).  To  deal  with  this  problem,  resort 
has  been  made  In  the  past  to  the  techniques  of  lin¬ 
ear  response  theory.  This  type  of  analysis  Is  valid 
as  long  as  one  Is  dealing  with  systems  whose 
response  Is  linear  In  dose,  If  one  knows  the  Impulse 
response  function,  AVj,(t),  say  the  threshold  voltage 
response  to  an  Infinitesimally  short  Irradiation 
pulse,  then  the  general  response  to  an  arbitrary 
Irradiation  described  by  the  dose  rate  function  y(t) 
may  be  obtained  through  the  convolution  Integral 

AV^t)  =  JV  dt'  y(t  )  AV*(t  -  t*).  (9) 

A  simple  example  for  which  this  technique  has 
boen  applied  [48,76,77]  Is  that  for  trapped  hole  an¬ 
nealing  that  Is  linear  in  log-time. 
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A  rather  spectacular  example  of  an  apparent 
dose  rate  effect  whose  origins  are  similar  to  the  re¬ 
bound  effect  is  shown  in  figure  28  [121]  in  which 
the  dose  necessary  for  failure  of  an  MQS  device  is 
plotted  versus  dose  rate.  The  peak  that  occurs  in 
this  figure  is  simply  that  dose  rate  (~1  rad(Si)/s  in 
this  case)  at  which  an  essentially  exact  balance  is 
achieved  between  positive  charge  buildup  (deep 
hole  trapping)  on  one  hand,  and  the  compensating 
effects  of  hole  anneal  and  negative  interface 
trapped  charge  buildup  on  the  other  hand.  For 
lower  dose  rate  values  than  the  critical  one  to 
maintain  balance,  sufficient  hole  annealing  occurs 
that  the  negative  interface  trapped  charge  wins 
out,  resulting  in  eventual  device  failure  by  positive 
threshold  shift  excursion.  At  higher  dose  rates,  the 
introduction  of  additional  hole  trapping  dominates, 
and  the  device  fails  at  a  dose  for  which  a  sufficient 
negative  threshold  voltage  shift  is  exceeded.  This 
failure  usually  occurs  at  a  lower  total  dose  because 
n-channel  devices  can  tolerate  less  of  a  negative 
AVr  shift  than  of  a  positive  one.  In  any  case,  the 
point  is  that  if  one  were  to  perform  a  simple  radia¬ 
tion  test  measurement  with  a  dose  rate  that  just 
happens  to  be  close  to  the  critical  dose  rate  for 
charge  buildup  balance,  one  might  be  led  to  con¬ 
clude  that  a  circuit  is  fairly  hard  (to  over  100  krad 
for  the  example  In  fig.  28),  whereas  In  reality  the 
device  would  fail  at  much  lower  total-dose  levels  If 
either  higher  or  lower  dose  rates  are  used. 


Figure  28.  Dependence  of  circuit  total-dose  failure  level  on 
dose  rate,  Indicating  failure  due  to  positive  AVr  at  low  dose 
rate  and  to  negative  AVr  at  high  dose  rate  (121). 


3.4.3  Nonlinear  Effects ;  Trapped  Hole 
Saturation 

In  the  previous  subsection,  we  mentioned  that 
apparent  dose  rate  effects  such  as  varying 
amounts  of  trapped  hole  anneal  during  irradiation 
exposure  can  sometimes  be  handled  with  the  con¬ 
volution  integrals  of  linear  response  theory.  This 
approach  is  valid  as  long  as  the  system  response  is 
linear  in  dose.  Unfortunately,  this  is  not  always  the 
case  for  situations  of  practical  interest.  For  exam¬ 
ple,  the  number  of  trapped  holes  AN«  tends  to  sat¬ 
urate  for  moderate  to  large  dose  rates  at  doses  in 
the  range  from  1  to  10  Mrad(Si02)  [20,58,59,61 ,63]. 
This  saturation  may  be  due  to  one  or  more  factors, 
including  hard  saturation  due  to  trap  filling,  space 
charge  effects,  or  a  balance  between  hole  trapping 
and  hole  removal  through  tunnel  anneal  or  recom¬ 
bination  with  radiation-induced  electrons.  An  exam¬ 
ple  of  such  an  effect  is  illustrated  by  figure  29,  in 
which  the  threshold  voltages  for  n-  and  p-channel 
MOSFET’s  are  shown  plotted  versus  total  ionizing 
dose  [5],  The  threshold  voltage  for  the  n-channel 
device  first  shifts  negatively  as  the  positive  charge 
buildup  due  to  trapped  holes  dominates  the 
response.  But  at  a  dose  £l  Mrad,  a  turnaround  is 
observed  with  VT  shifting  back  in  the  positive  direc¬ 
tion  at  increasing  dose  levels.  This  turnaround  be¬ 
havior  is  due  to  saturation  of  the  trapped  hole  den¬ 
sity,  while  at  the  same  time  the  interface  trapped 
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Figure  20.  Threshold  voltage  versus  total  dose  In  Irradiated 
n-  and  p-ohannel  MOSFET's,  Illustrating  effect  of  hole  trap¬ 
ping  saturation  and  continued  Interface  trap  buildup  In 
n-channel  device. 


charge  (negative  for  n*channe!)  continues  to  in¬ 
crease.  For  the  p-channel  device  under  negative 
gate  bias,  the  interface  states  also  contribute  net 
positive  charge,  and  there  is  a  continued  negative 
shift  with  dose  in  its  threshold  voltage. 

Other  nonlinear  effects  have  been  reported, 
such  as  the  sublinear  dose  dependence  (^D273)  of 
the  delayed  time-dependent  buildup  of  AN* 
[84,86,106,107].  There  are  also  recent  observa¬ 
tions  of  an  increasing  rate  of  N„  buildup  at  high 
doses,  or  maybe  even  a  threshold  dose  level  for  N„ 
production  in  some  cases  [82].  The  whole  issue  of 
nonlinear  effects  lies  beyond  the  scope  of  this  dis¬ 
cussion,  but  it  is  worthwhile  to  know  that  such  ef¬ 
fects  exist  and  may  be  important  factors  at  times. 

3.4.4  Charge  Separation  Techniques 

Recall  from  equation  (2)  that  the  radiation- 
induced  threshold  voltage  shift  can  be  written  as 
the  sum  of  the  contributions  from  the  oxide  trapped 
charge  and  interface  trapped  charge 

AVr  =  AV„  +  AV„  .  (10) 

(We  are  neglecting  AV„  here,  as  we  are  assuming 
sufficiently  late  times  that  the  short-term  recovery 
due  to  hole  transport  Is  over.)  Now,  because  of  the 
different  time  behavior  of  AN„,  and  AN,„  as  well  as 
the  fact  that  their  magnitudes  (Including  their  rela¬ 
tive  ratio)  may  vary  greatly  among  different  oxides, 
It  is  clear  that  In  order  to  perform  sensible  radiation 
testing  one  must  be  able  to  experimentally  decom¬ 
pose  AVr  Into  Its  separate  components  (as  for  the 
data  shown  In  fig.  27).  Although  still  somewhat  con¬ 
troversial,  most  of  the  charge  separation  tech¬ 
niques  that  have  come  Into  practical  use  recently 
are  based  on  the  assumption  of  net  charge  neutrali¬ 
ty  of  AN„  at  the  midgap  voltage,  l.e.,  the  value  of 
applied  bias  such  that  the  Fermi  level  at  the  SiOi/SI 
Interface  Is  at  the  midpoint  of  the  Si  bandgap.  By 
definition  the  oxide  trapped  charge  does  not 
change  Its  occupancy  or  charge  state  as  the  bias 
varies.  (For  AN„  alone,  device  characteristics 
undergo  a  rigid,  uniform  translation  along  the 
negative  voltage  axis  by  an  amount  AV„.)  There¬ 
fore,  with  the  assumption  of  midgap  neutrality  of 
AN,.,  the  radiation-induced  voltage  shift  (AV*,)  of  a 
device  characteristic  (C-V#,  subthreshold  l0-V4)  at 


the  midgap  potential  can  be  attributed  soiely  to  the 
oxide  trapped  charge: 

AV^f  =  -qANoj/Co.  =  AV„ .  (11) 

Hence,  from  the  two  measurements,  AV*,  and  AVr, 
one  can  effect  the  charge  separation.  Combining 
equations  (10)  and  (11),  one  has 

AV„  =  -AQ„/C„  =  AVr  -  AV.* .  (12) 

We  note  that  AV„  in  equation  (12)  corresponds  to 
the  net  interface  trap  charge  AQ„  at  threshold  (or 
inversion).  AQ„  is  the  integral  of  the  interface  trap 
charge  distribution  between  the  midgap  and 
threshold  values  of  surface  potential.  AV„  is 
positive  if  the  net  charge  in  this  region  is  negative. 

There  are  several  variations  on  a  theme,  all 
basically  using  the  same  assumption  of  midgap 
neutrality  of  interface  traps.  For  example,  one  can 
use  the  stretchout  of  MOS  capacitor  C-V  curves  be¬ 
tween  the  midgap  and  inversion  voltage  points,  or 
the  stretchout  of  subthreshold  lD-Vt  curves  of  MOS 
transistors  between  midgap  and  threshold,  or  if  the 
leakage  currents  are  too  high  to  measure  the  drain 
current  at  midgap  (usually  In  the  sub-plcoampere 
regime)  then  the  so-called  subthreshold  slope 
method  is  used,  which  essentially  Is  the  extrapola¬ 
tion  of  the  drain  current  in  the  subthreshold  regime 
down  to  Its  value  at  midgap.  We  do  not  present  fur¬ 
ther  details  of  the  methods  here  but  refer  the  Inter¬ 
ested  reader  to  the  literature  for  these  [122-124] 
and  other  methods  of  charge  separation  [125,126]. 
As  a  final  comment  here  we  note  that  there  Is  still 
some  disagreement  [127]  about  the  validity  of  the 
midgap  N„  charge  neutrality  assumption;  however, 
It  has  given  useful  results  in  practice  and  the 
assumption  seems  to  hold  at  least  approximately 
for  most  devices. 

3.4.5  Classification  Scheme  for  Oxide 
Response 

Assuming  that  the  charge  separation  of  AVr 
can  be  made  Into  the  Individual  contributions  from 
AN„  and  AN,„  then  It  Is  useful  to  separate  the 
response  of  various  oxides  Into  various  categories 
depending  on  the  magnitudes  and  relative  ratio  of 
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the  two  charge  components.  A  primary  motivation 
for  such  a  classification  is  to  put  some  order  into 
the  rather  complex  picture  of  possible  oxide 
response  {e.g.,  S9e  fig.  26)  and  to  assist  in  estab¬ 
lishing  useful  guidelines  for  appropriate  radiation 
testing.  If  one  knows  (can  measure)  the  separate 
amounts  of  AN*  and  AN„  for  a  particular  device, 
then  based  on  past  accumulated  experience,  one 
has  some  handle  on  the  qualitative  features  of  the 
radiation  response  of  the  device  and  can  generate 
pertinent  test  data  to  help  in  making  quantitative 
predictions  about  the  device  response  in  a  particu¬ 
lar  environment. 

An  example  of  a  scheme  proposed  by  Boesch 
[128]  to  categorize  oxide  response  for  such  pur¬ 
poses  is  the  matrix  shown  in  table  3.  It  essentially 
classifies  oxide  response  as  being  one  of  four  qual¬ 
itative  types,  based,  first,  on  low  AN*  or  high  AN* 
and,  secondly,  on  whether  AN/,  <  AN*  or  AN/,  « 
AN*.  Here,  AN*  is  the  oxide  trapped  hole  density 
present  at  the  earliest  measurement  times  of  inter¬ 
est,  before  appreciable  trapped  hole  annealing 
occurs.  Note  that  categories  for  AN,,  ►  AN*  are  not 
included,  since  this  case  is  not  observed  in  prac¬ 
tice.  We  do  not  discuss  this  classification  scheme 
in  detail  or  how  it  may  be  put  to  use  in  testing 
schemes.  However,  noted  in  the  matrix  table  are 
the  general  qualitative  features  of  the  response  in 
each  case.  We  also  note  that  in  practice  some 
oxides  will  fall  Into  the  grey  zones  between  the 
categories,  a  problem  inherent  In  any  classification 

Table  3.  Categorization  matrix  of  poseible  total-dose 
response  types  for  MOS  devices,  Indicating  qualitative 
features  of  response  for  each  type.  AN«  refers  io  trapped 
hole  density  before  annealing  occurs  [128]. 


AN,, «  ANJ, 

AN,,  *  ANJ, 

Category  1 

Category  3 

No  superrecovery 

Some  superrecovery 

Moderate  log(t) 

Complex  time  history 

Low  AN* 

recovery 

Negligible  mobility 

Some  mobility 

degradation 

degradation 

Hard 

Hard 

Category  2 

Category  4 

No  superrecovery 

Large  superrecovery 

High  AN*, 

Weak  log(t)  recovery 

Complex  time  hist  iry 

Possible  mobility 

Severe  mobility 

degradation 

degradation 

Soft 

Soft 

scheme.  In  these  cases,  one  should  always  go  to 
the  more  conservative  category  for  choosing  test¬ 
ing  procedures. 

3.4.6  Dose  Enhancement 

As  a  final  topic  in  this  section  on  radiation 
testing,  we  discuss  a  current  problem  of  great 
interest  having  to  do  with  the  use  of  low-energy 
x-ray  testers  for  generating  radiation  effects  data. 
This  is  a  different  type  of  problem  from  the  ones  we 
have  been  discussing,  in  that  it  does  not  involve 
issues  relating  to  the  time-dependent  MOS 
response;  rather,  it  involves  ascertaining  the  actual 
ionizing  dose  delivered  to  the  oxide. 

The  general  phenomenon  of  dose  enhance¬ 
ment  has  been  known  and  studied  for  years.  It 
occurs  in  the  regions  near  interfaces  between 
materials  of  different  atomic  number  under  photon 
(x-ray,  gamma)  irradiation.  It  is  essentially  due  to  a 
dose  gradient  arising  from  differences  in  the  sec¬ 
ondary  electron  production  and  transport  proper¬ 
ties  of  the  two  adjoining  materials.  Secondary  elec¬ 
tron  equilibrium  exists  in  the  bulk  of  materials,  but 
not  for  distances  from  an  interface  less  than  the 
maximum  secondary  electron  range.  The  problem 
has  come  up  recently  In  radiation  testing  of  MOS 
devices  because  of  the  advent  and  growing 
popularity  of  laboratory  bench-type  low-energy 
(MO  keV)  x-ray  testers  used  instead  of  conven¬ 
tional  Ionizing  radiation  facilities,  such  as  Co80 
sources.  The  advantage  of  such  low-energy  x-ray 
testers  Is  that  they  can  be  safely  used,  with  some 
minor  precautions,  directly  in  a  lab  environment  or 
on  a  production  line. 

Figure  30  Illustrates  the  dose  enhancement 
problem  associated  with  thin  SIOj  film  MOS  struc¬ 
tures  [27].  Shown  are  schematics  of  the  spatial  pro¬ 
files  of  the  actual  dose  delivered  (dashed  lines)  to 
an  MOS  device  with  (a)  a  thick  (**500  nm)  SiOj 
layer,  and  (b)  a  thin  (3l  00  nm)  SIOi  layer  that  is  typ¬ 
ical  of  current  technologies.  For  10-keV  x  rays  in 
SiOa,  the  average  secondary  electron  range  is 
~500  nm,  so  this  distance  is  the  criterion  for  thin  or 
thick  oxide  layers  for  purposes  of  dose  enhance¬ 
ment  effects.  The  solid  straight  curves  In  each  fig¬ 
ure  represent  the  bulk  equilibrium  dose  levels.  Fig¬ 
ure  30b  indicates  the  dose  enhancement  effect 


(a) 


(b) 


Figure  30.  Schematic  diagram  illustrating  dose  enhancement  effect  in  thin  Sl02  layers  associated  with  low-energy 
(~10-keV)  x  rays:  (a)  thick  SIO„  layer  (2500  nm)  and  (b)  thin  SI02  layer  (2100  nm).  Solid  lines  indicate  bulk  equilibrium  dose 
values  In  each  region  and  dashed  lines  actual  dose  profiles  [27]. 


(dashed  line)  In  thin  SIO*  layers  over  the  bulk  SIO* 
value  due  to  the  nonequlllbrlum  secondary  electron 
emission  Into  the  SlOa  layer  from  the  adjoining  Al 
and  Si  regions. 

Figure  31  Is  a  composite  figure  taken  from 
Benedetto  and  Boesch  [129J  indicating  the  results 
of  recent  work  on  this  problem.  It  shows  the  rela¬ 
tive  ciose  enhancement  factor  (ratio  of  actual  dose 
delivered  to  the  bulk  dose  value)  as  a  function  of 
oxide  thickness.  The  circles  are  two  sets  of  experi¬ 
mental  data  points  [27,129]  and  the  two  curves  are 
theoretical  calculations  [64,130].  There  seems  to 
be  reasonable  agreement  between  theory  and 
experiment.  But  the  main  point  Is  that  there  Is 
clearly  a  dose  enhancement  effect  for  the  low- 
energy  x  rays,  with  an  enhancement  factor  of  ~1.6 
for  oxide  thickness  ^100  nm.  We  note  that  for  the 
high-energy  (~1  MeV)  Co50  gamma  photons,  the 
enhancement  effect  Is  essentially  negligible, 
because  for  these  energy  photons  the  cross  sec¬ 
tions  for  interaction  (Compton  scattering)  are  very 
nearly  the  same  for  all  the  materials  Indicated  on 
figure  30,  and  the  secondary  electron  fluxes  across 
the  boundaries  are  very  nearly  the  bulk  equilibrium 
values.  Therefore,  It  Is  Important  when  comparing 
radiation  response  data  taken  with  a  low-energy 


Figure  31.  Measured  and  calculated  dose  enhancement 
factors  versus  SIOj  oxide  layer  thickness  for  10-keV  x 
rays  [129], 


x-ray  source  with  data  from  Co80  that  the  dose 
enhancement  factor  Is  accounted  for  in  the  low- 
energy  x-ray  data. 

3.5  Implications  of  Scaling  Down  Oxide 
Thickness 

In  section  3.3  on  the  physical  processes  of  the 
radiation  response  of  MOS  systems,  we  noted  sev- 
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eral  benefits  that  are  gained  when  the  gate  oxide 
layer  Is  thinned.  First,  the  initial  shifts  are  reduced 
according  to  equation  (5)  as  <&,  and  the  long-term 
hole  trapping  N0,  scales  accordingly  in  the  linear 
regime.  Second,  the  short-term  recovery  time  (hole 
transit  time)  decreases  as  ~d£t;  see  equation  (6) 
and  following  discussions,  or  figure  17.  Third,  the 
recovery  time  is  further  decreased  If  also  the  gate 
potential  is  the  same  for  a  thinner  oxide,  resulting 
in  a  larger  oxide  field  (E*,  ~  Vf/cU.  (See  eq  (6)  or 
fig.  15.)  The  combined  effect  of  all  three  factors  is 
dramatically  Illustrated  by  the  flatband  voltage 
recovery  data  shown  In  figure  32  for  three  as- 
grown  oxide  thicknesses  (37.6,  56.6,  and  96.3  nm) 
exposed  at  220  K  to  pulsed  LINAC  irradiation  under 
constant  10-V  applied  gate  bias  [38].  The  vertical 
slash  marks  indicate  the  75-percent  recovery  point 
in  each  case.  (These  data  are  not  normalized,  so 
that  the  <&  reduction  in  the  initial  AV^  Is  also 
included.)  We  simply  note  that  thinning  the  oxide 
by  a  factor  of  ^2.5  leads  under  these  conditions 
to  more  than  an  order  of  magnitude  reduction  in 
the  shifts  for  the  entire  time  regime  of  the 
measurements. 

Now  turn  attention  to  the  effect  on  long-term 
deep  hole  trapping.  First  of  all,  AV*  obviously 
scales  in  the  same  manner  (~c&)  as  the  initial  shift. 
Next,  if  gate  bias  Is  constant,  then  the  fraction  of 
hole  trapping  decreases  as  Ei1/a  for  fields  above 
1  MV/cm,  and  further  the  long-term  annealing  rate 


Figure  32.  Flatband  voltage  recovery  data  at  220  K  for  three 
thicknesses  of  as-grown  oxide  MOS  capacitors  under  oon- 
siant  10-V  applied  gate  bias.  Vertloal  slash  marks  indicate 
75-percent  reoovery  point  In  each  oase  [38]. 


is  somewhat  enhanced  with  increasing  field  (see 
sect.  3.3.3).  But  now  consider  what  happens  when 
d„  is  scaled  down  to  and  below  the  order  of  10  nm. 
We  discussed  in  section  3.3.3  that  for  tempera¬ 
tures  below  ^150°C,  the  tunneling  of  electrons 
from  the  Si  substrate  into  the  Si02,  where  they  re¬ 
combine  with  the  trapped  holes,  seems  to  be  the 
process  responsible  for  the  long-term  anneal  of  the 
oxide  positive  trapped  charge.  Referring  to  fig¬ 
ure  22,  the  time-dependent  tunneling  distance  X^t) 
associated  with  the  tunnel  anneal  process  lies  in 
the  range  from  2  to  4  nm  for  practical  times  of  inter¬ 
est,  say  from  10-3  to  106  s.  Hence,  for  oxides  with 
do«  <?  10  nm,  one  could  expect  enhanced  hole 
removal  to  occur  by  electrons  tunneling  into  the 
oxide  from  the  gate  electrode  also.  In  fact,  the  tun¬ 
neling  parameters  would  be  roughly  the  same  for 
polysilicon-gate  material  as  for  the  Si  substrate. 
This  possibility  of  enhanced  recovery  by  trapped 
hole  recombination  with  tunneling  electrons  from 
both  electrodes  is  Indicated  schematically  In 
figure  33. 

That  this  indeed  seems  to  occur  Is  indicated  by 
the  low-temperature  (80  K)  data  shown  in  figure  34. 
Here,  the  circles  are  data  (from  Benedetto  et  al 
[79])  of  threshold  shift  per  unit  dose  on  MOSFET’s 
having  oxide  thicknesses  between  5  and  11  nm, 
compared  with  a  fit  (solid  line)  to  earlier  flatband 
voltage  shift  data  of  Saks  et  al  [78]  on  MOS  capaci¬ 
tors  with  cU  between  5  and  80  nm.  The  dashed 
straight  line  In  the  figure  Is  the  simple  c&  scaling 
law  from  equation  (5)  with  no  annealing.  We  recall 
that  at  80  K  and  for  fields  <!2  MV/cm,  there  Is  no 


Figure  33.  Model  schematic  of  trapped  hole  removal  In  thin 
gate-oxide  MOS  structures  by  electron  tunneling  from  both 
SI  substrate  and  polysilicon  gate  [79]. 
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appreciable  hole  transport  in  the  time  regime  of  fig¬ 
ure  34;  essentially  all  the  annealing  occurs  via  hole 
removal  by  tunneling.  To  be  sure,  there  would  still 
be  a  drop  in  the  shifts  below  the  eg,  line  for  tunnel¬ 
ing  only  from  the  Si  interface,  especially  for  thin 
oxides  where  the  tunneling  distance  X„,(t)  cannot 
be  neglected  compared  with  do,  in  the  charge  mo¬ 
ment  expressions  for  voltage  shifts.  However,  the 
magnitude  of  the  departure  of  AV  from  the  eg,  scal¬ 
ing  for  do,  ^10  nm  is  consistent  only  with  tunneling 
from  both  electrodes. 

The  case  is  strengthened  further  by  the  time- 
dependent  recovery  data  [79]  for  threshold  shift 
and  transconductance  change  Agm,  shown  in  fig¬ 
ure  35  for  a  MOSFET  with  a  thin  gate  oxide  of 
5.3  nm,  also  irradiated  at  low  temperature  (77  K). 
Here,  both  AVr  and  Agm  show  log  time  annealing 
from  10‘3  to  ~2  s,  where  essentially  complete 
recovery  of  AVr  occurs  and  the  response  flattens 
out  with  the  threshold  voltage  at  its  preirradiation 
value.  This  is  simply  explained  by  the  tunneling 
fronts  shown  in  figure  33  converging  near  the  cen- 


Flgure  34.  Threshold  and  flatba.id  voltage  shifty  per 
Mrad(SIOi)  at  80  K.  Dashed  line  It  simple  oxide  thlOKness 
squared  soallng;  solid  line  is  AV,,  data  on  capacitors  (78), 
and  olrcles  are  AVr  data  on  MOSFET'a  (79). 


ter  of  the  oxide  with  essentially  complete  removal 
of  the  radiation-generated  holes.  The  recovery  and 
flattening  of  Agm  at  the  same  time  suggest  that  the 
trapped  holes  in  the  oxide  serve  as  additional  scat¬ 
tering  (Coulomb)  centers  for  the  channel  carriers, 
with  the  additional  scattering  vanishing  upon  re¬ 
moval  of  the  holes.  (The  increase  in  the  response 
curves  at  t  >  100  s  is  probably  due  to  thermal  insta¬ 
bility  (instrumental  drift)  problems  at  long  times; 
note  the  millivolt  voltage  scale  in  fig.  35.) 

The  bottom  line  from  this  discussion  Is  quite 
clear:  there  are  very  significant  gains  to  be  made  in 
the  radiation  performance  of  MOS  devices  by  thin¬ 
ning  the  gate  oxide  layers.  Very  dramatic  gains  can 
be  made  by  thinning  d«,  down  to  and  below  10  nm 
(fig.  34  and  35).  This  range  is  probably  not  achiev¬ 
able  for  practical  production  in  the  near  future,  but 
quite  substantial  gain?  are  achieved  even  in  reduc¬ 
ing  da,  down  to  the  10-  to  30-r.m  range  (see  fig.  32), 
which  is  certainly  the  range  present-day  very-large- 
scale  integrated  circuit  (VLSI)  technologies  are 
beginning  to  empiry.  As  the  gate  oxide  thicknesses 
are  scaled  down  to  this  regime,  there  will  be 
decreased  concern  about  the  radiation  suscep¬ 
tibility  of  the  gate  oxides.  As  a  Consequence,  it  Is 
likely  that  we  will  see  the  emphasis  In  total-dose 
hardening  efforts  shifting  more  toward  field  and 
passivation  oxides,  and  hence  from  radiation- 
induced  threshold  voltage  shifts  to  radiation- 
induced  leakage  currents,  a  topic  we  now  address 
only  briefly. 


AVth  AND  Aflm  AT  77K 


Flour*  35  Recovery  of  threshold  voltage  shift  end  trans- 
conductance  change  following  pulsed  eleotron  beam  Irra¬ 
diation  at  77  K  for  MOSFET  with  5.3-nm  gate  oxide  (79). 
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3.6  Total-Dose  Radiation-Induced  Leakage 
Currents 

In  our  discussion  of  the  physical  mechanisms 
underlying  the  radiation  response  of  MOS  devices, 
we  focused  attention  on  the  gate  oxide  layer  and  on 
the  consequences  of  trapped  charge  buildup  in 
these  layers,  primarily  that  of  induced  shifts  in 
threshold  voltages.  However,  exactly  the  same 
physical  processes  leading  to  charge  buildup- 
charge  generation,  transport  and  trapping,  and 
interface  trap  generation— also  occur  in  the 
thicker  oxides  used  as  field  regions  or  isolation  or 
passivation  oxides  In  1C  technologies.  But  Instead 
of  voltage  shifts,  the  effects  of  charge  buildup  in 
these  oxides  on  circuit  operation  involves  genera¬ 
tion  of  undesirable  parasitic  current  leakage  paths. 
Specifically,  charge  buildup  In  fleld/passlvation/ 
isolation  oxide  regions  can  Induce  formation  of 
inversion  channels  In  the  surface  regions  of  adjoin¬ 
ing  semiconductor  regions  which,  In  the  presence 
of  any  potential  gradients  (i.e.,  fringing  fields),  will 
result  in  parasitic  current  leakage  paths.  These  in¬ 
duced  current  leakage  paths  can  be  Important  fail¬ 
ure  moues  not  only  In  bulk  MOS  technologies,  but 


the  radiation-generated  holes  down  toward  the  field 
oxide/Si  interface  (fig.  36b).  Because  the  field  oxide 
layers  are  much  thicker  than  the  gate  oxide  layers, 
the  magnitudes  of  the  fields  are  much  lower  (more 
like  10s  V/cm  rather  than  106  V/cm)  in  the  field 
oxide  regions;  however,  the  basic  processes 
leading  to  the  buildup  are  just  the  same.  Further¬ 
more,  the  charge  generation  volumes  are  con¬ 
siderably  larger. 

The  schematic  diagrams  shown  in  figure  36  do 
not  accurately  reflect  today’s  MOS  structures,  but 
the  basic  principle  of  the  induced  leakage  current 
is  the  same  nevertheless.  Figure  37  shows  a  cross 
section  of  a  more  modern  recessed  field  oxide 
MOS  structure.  The  leakage  paths  between  source 
and  drain  in  these  structures  are  thought  to  be  In 
the  Si  substrate  under  the  so-called  bird’s  beak 
region  of  the  recessed  field  oxide,  which  Is  immed¬ 
iately  adjacent  to  the  gate  oxide  channel  region. 

Typically  one  studies  the  induced  leakage  cur¬ 
rents  under  field  oxides  with  the  aid  of  special  test 
field  oxide  transistors,  In  which  the  field  oxide 


in  silicon  on  sapphire  (SOS)  and  silicon  on  insulator 
(SOI)  structures  and  even  in  bipolar  technologies  (a)  M 
as  well.  Ill 
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Figure  36  is  a  schematic  showing  a  possible  in¬ 
duced  leakage  path  In  an  MOS  device  structure. 
Shown  are  top  (a)  and  cross  section  (b)  views  of  the 
device  with  the  various  regions  of  the  device  Indi¬ 
cated.  In  particular,  the  field  oxide  region  covers 
the  SI  substrate  outside  the  gate  oxide  and  normal 
source-drain  channel  regions.  If  sufficient 
radiation-induced  charge  buildup  occurs  In  the  field 
oxide  region,  especially  near  the  Si  substrate,  then 
an  Inversion  layer  can  be  formed  in  the  substrate 
as  Indicated  In  figure  36b,  even  with  the  normal 
channel  turned  off.  This  Induced  channel  region 
under  the  field  oxide  then  offers  a  low-resistivity 
current  leakage  path  between  the  source  and  drain 
around  the  edge  of  the  gate  oxide  (normal  channel) 
region  as  shown  In  figure  36a.  We  note  that  the 
charge  buildup  in  the  field  oxide  near  the  substrate 
Interface  proceeds  In  exactly  the  same  manner  as 
In  the  gate  oxide,  namely,  In  response  to  positive 
voltages  applied  to  the  gate  contact  lines  (or  other 
metal  strip  lines)  over  the  field  oxide,  which  drive 
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Figure  36.  Schematic  of  MOS  device  structure  Indicating  In 
(a)  radiation-induced  current  leakage  path  due  to  positive 
charge  buildup  at  (b)  fleld-oxide/substrate  Interface. 


material"  is  used  as  a  gate  oxide  In  a  normal  MOS 
transistor  configuration.  Some  postirradiation 
subthreshold  leakage  current  measurements  [75] 
are  shown  in  figure  38  for  a  device  with  a  channel 
length  of  1 .0  jim.  Results  are  shown  after  each  of  a 
series  of  lO-krad(SiOj)  LINAC  pulses.  Increases  in 
leakage  currents  by  at  least  several  orders  of  mag¬ 
nitude  are  obtained.  We  note  that  as  channel  length 
is  reduced,  the  fringing  fields  in  the  field  region  be¬ 
tween  source  and  drain  in  an  actual  device  config¬ 
uration  increase,  which  results  in  increased  leak¬ 
age  currents. 

Up  until  rather  recently,  total-dose  ionization 
effects  were  generally  thought  to  be  negligible  in  bi¬ 
polar  circuits  because  of  the  absence  of  gate 
oxides  in  bipolar  devices.  However,  as  device 
dimensions  shrink,  it  is  becoming  apparent  that  bi¬ 
polar  technologies  suffer  from  similar  total-dose- 
induced  leakage  currents  associated  with  charging 
of  the  SiOj  field  and  passivation  oxides  used  in 
bipolar  microcircuits.  Figure  39  shows  a  represen- 


Flgure  37.  A  modern  recessed  field-oxide  structure  indicat¬ 
ing  charge  buildup  and  Induced  ourrent  leakage  paths  In 
bird's  beak  regions  of  device. 


tative  modern  bipolar  device  structure  taken  from 
Pease  et  al  [131].  Indicated  on  the  figure  are  three 
possible  regions  where  leakage  paths  may  be  in¬ 
duced  because  of  charge  buildup  in  the  recessed 
field  oxide. 

Finally,  we  mention  that  SOS  and  SOI  technolo¬ 
gies  suffer  from  so-called  radiation-induced  back 
channel  leakage.  Figure  40  shows  a  simple  sche¬ 
matic  of  an  SOS  structure  (it  could  as  well  be  an 
SOI  structure),  indicating  radiation-induced  posi¬ 
tive  charge  buildup  in  the  sapphire  substrate 
immediately  under  the  active  p-SI  layer.  The  normal 
device  channel  occurs  in  the  p-Si  region  next  to  the 
gate  oxide  region.  However,  because  of  the  posi¬ 
tive  charging  of  the  sapphire  substrate,  an  inver¬ 
sion  layer  can  be  induced  on  the  back  side  of  the 
p-SI  region,  resulting  in  the  back  channel  leakage 
between  source  and  drain. 


Figure  36.  Radiation-induced  Increase  In  aubthreehold 
leakage  ourrents  In  field-oxide  transistor  test  struoture  [76], 
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Figure  39.  Regions  of  possible  radiation-induced  charge  buildup  and  leakage  currents  In  bipolar  device  structure  [131]. 


Figure  40.  Schematic  diagram  Illustrating 
back-channel  current  leakage  In  slllcon-on- 
sapphire  MOS  transistor. 
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4.  Transient  Radiation  Effects 


4.1  General  Remarks 

The  term  transient  radiation  effects  Is  common¬ 
ly  used  to  describe  those  effects  caused  by 
radiation-induced  photocurrents.  These  can  result 
either  from  high  dose  rate,  bulk  semiconductor  Ion¬ 
ization  generated  by  high-intensity  pulsed  Irradia¬ 
tion  (the  f  problem),  or  the  dense  Ionization  gener¬ 
ated  by  a  single  energetic  heavy  Ion  (the  SEU 
problem). 

The  major  effects  in  IC’s  arising  from  the  short 
but  large-amplitude  transient  photocurrents  in¬ 
clude  the  following: 

(1)  Simple  transient  upset  in  which  there  Is  a 
temporary  bit  flip,  either  logic  or  memory,  because 
of  the  high  current  level  or  excess  charge  collected 
at  a  sensitive  bit  node  in  a  circuit.  The  effect  Is  tran¬ 
sient  in  that  only  the  information  stored  in  the  bit  at 
the  moment  of  the  upset  Is  lost;  there  Is  no  perma¬ 
nent  or  long-term  damage  to  the  bit  cell.  The  cell 
becomes  functional  again  upon  reset  by  the  next 
logic  cyole  or  memory  write  operation. 

(2)  Long-term  Induced  parasitic  transistor 
states  of  low  voltage  and  high  current.  These  states 
Include  current  latchup  (which  is  an  npnp  silicon- 
controlled-rectlfier  type  of  parasitic  state)  and  the 
so-called  snap-back  effect,  which  is  a  result  of 
photocurrent-lnduced  Initiation  of  avalanching  In 
the  drain  junction  of  an  n-channel  MOS  transistor. 
These  effects  can  persist  Indefinitely  unless  the 
circuit  Is  properly  reset.  If  the  Induced  parasitic 
current  levels  are  sufficiently  high,  they  can  cause 
permanent  device  failures  such  as  junction  burn¬ 


out.  These  parasitic  current  states  are  geometry 
specific,  that  is,  highly  dependent  upon  the  specific 
device  and  circuit  layout,  and  will  not  be  discussed 
here. 

(3)  Permanent  or  so-called  "hard’'  failures, 
which  include  the  abovementloned  problem  of 
junction  burnout  due  to  heating  from  very  high  and 
prolonged  current  levels,  and  dielectric  breakdown 
of  thin  insulating  films  due  to  transient  electrical 
overstress  arising  from  photocurrent  effects.  Also, 
In  very  small  scale  devices,  permanent  failures  can 
In  principle  arise  frcm  single-event-induced  charge 
buildup  In  oxide  films  or  from  a  slngle-evont- 
induced  displacement  damage  duster  across  an 
active  semiconductor  region.  These  latter  SEU 
effects  have  not  yet  been  observed,  but  they  are 
thought  to  be  possibilities  If  device  dimensions  are 
scaled  down  sufficiently. 

The  physics  of  radiation-generated  photo¬ 
currents  Is  basically  understood.  In  actual  practice, 
however,  circuit  upset  levels  are  highly  dependent 
upon  the  specific  and  usually  complex  1C  device/ 
circuit  geometry  and  upon  the  specific  operational 
electrical  configuration  of  the  circuit.  For  these 
reasons,  realistic  prediction  calculations  of  circuit 
upset  require  sophisticated  computer  simulations. 
In  simplistic  terms,  the  criteria  for  upset  are 
basically  of  two  types,  depending  on  whether  the 
circuit  nodes  are  charge  sensitive  or  current  sen¬ 
sitive:  (1)  the  charge  collected  at  the  node  within  a 
given  time  Interval  exceeds  a  critical  charge  for 
upset,  or  (2)  the  actual  current  level  during  the 
photocurrent  pulse  exceeds  a  critical  current 
value. 
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In  this  discussion  of  basic  mechanisms  we 
illustrate  the  physics  of  photocurrent  generation 
with  just  two  simple  examples:  namely,  the 
radiation-induced  photocurrents  generated  (1)  by 
uniform  ionization  of  an  ideal,  reverse-biased  p-n 
junction  diode,  and  (2)  by  the  passage  of  a  single 
highly  ionizing  particle  through  the  depletion  well  of 
an  Ideal  reverse-biased  Schottky  barrier  diode,  in 
the  latter  case  we  are  concerned  with  the  addi¬ 
tional  effects  caused  by  screening  of  the  depletion 
region  electric  fields  by  the  dense  ionization  cloud 
surrounding  the  track  of  the  particle.  This  screen¬ 
ing  effectively  extends  the  field  region  down  into 
the  previously  field-free,  quasineutral  substrate, 
and  results  in  the  so-called  field  funneling  effect. 

4.2  ideal  p-n  Junction  Photocurrents 

In  figure  41,  we  show  an  ideal  p-n  junction 
diode  being  exposed  to  ionizing  radiation  [6].  The 
combined  n  and  p  depletion  width  is  W,  and  the  dif¬ 
fusion  lengths  L  and  L p  are  given  by  (DHiPtBiP),/2, 
where  D  is  the  diffusion  coefficient  and  t  Is  the  car¬ 
rier  lifetime,  and  n  and  p  refer  to  electrons  and 
holes,  respectively.  The  primary  photocurrent  con¬ 
sists  of  two  components,  a  prompt  (mostly  drift) 
component,  lp,  and  a  slower  diffusion  current,  I*. 
The  charge  pairs  produced  by  the  radiation  in  the 
depletion  region  will  be  separated  by  the  applied 
field  and  collected  as  prompt  drift  current.  If  we 
postulate  a  step  function  radiation  source  with  a 
generation  rate  of  G  (palrs/cm3-s)  for  t  >  0,  then  lp 
=  qAGW  at  early  times,  where  A  Is  the  area  of  the 
junction,  AW  Is  the  depletion  region  volume,  and  q 
is  the  electronic  charge.  This  result  is  valid  as  long 
as  diffusion  currents  are  negligible— that  Is,  for  1 4 
t*.  rp.  At  late  times  (t  ►  t„,  tp),  the  photocurrent  will 
reach  a  saturation  value  lpp  =  lp  +  I*  =  qAG(W  + 
U  +  L,).  This  expression  is  similar  to  the  early 
time  result,  except  that  the  collection  volume  In¬ 
cludes  the  depletion  region  plus  a  diffusion  length 
on  either  side.  In  figure  42,  we  illustrate  the  photo¬ 
current  as  a  function  of  time  [5],  for  which  we  have 
described  the  asymptotic  limits.  The  theory 
describing  the  transition  from  drift-only  current  to 
drift-ptus-diffusion  current  is  well  developed  [132], 
but  we  do  not  describe  It  here.  Similarly  In  figure 
43,  the  solid  line  shows  the  response  of  a  p-n  junc¬ 
tion  to  a  step  function,  this  time  plotted  on  a  linear 
scale  [133].  The  dashed  curves  illustrate  the  photo- 
current  response  If  the  radiation  Is  cut  off  at  some 
time— a  pulse  rather  than  a  step  function.  Again, 
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Figure  41.  Schematic  diagram  of  a  p-n  junction  diode  being 
bombarded  with  ionizing  radiation. 


Figure  42.  Calculated  photocurrent  due  to  atep  function 
generation  rate  for  an  ideal  diode  (5]. 


Figure  43.  Ideal  diode  transient  photocurrent  response 
1133). 


good  analytical  treatments  of  this  response  are 
available  [132],  but  we  do  not  discuss  them  here. 

4.3  Single-Particle-Induced  Photocurrents— 
Field  Funnellng  Effect 

In  recent  years,  single-event  upset  has  been  an 
extremely  important  reliability  problem  for  the 
radiation  effects  community  and  for  tne  electronics 
community  in  general.  The  work  that  convinced  the 
world  that  SEU  was  a  real  effect  was  reported  by 
May  and  Woods  [134],  who  studied  the  effect  in 
dynamic  random  access  memories  (RAM’s).  The 
mechanism  which  they  reported  is  illustrated  In  fig¬ 
ure  44.  A  radioactive  contaminant  in  the  packaging 
emits  an  alpha  particle  which  passes  through  the 
p-well  of  a  storage  capacitor.  Depending  on  the 
bias  applied,  the  well  will  be  inverted  (full  of  elec¬ 
trons)  or  depleted  (empty  of  electrons).  The  nega¬ 
tive  charges  tend  to  move  toward  the  positive  gate 
and  the  positive  charges  move  away  from  the  gate. 
If  the  well  Is  already  full  of  electrons,  it  simply  re¬ 
mains  full  of  electrons,  and  no  change  of  state  (bit 
flip)  Is  observed.  But  if  the  well  is  Initially  empty,  as 
for  the  case  depicted  in  figure  44,  It  will  become 
partially  filled  with  electrons.  If  enough  electrons 
are  collected  In  the  well,  It  will  be  sensed  as  "full," 
and  a  bit  flip  occurs. 


An  Important  concept  here  Is  the  critical 
charge,  the  number  of  stored  electrons  represent- 


Figure  44.  Schematic  representation  ot  an  alpha  partlcla 
passing  through  depletion  wall  ot  a  Sohottky  barrtar  dioda 
(1371. 


ing  the  difference  between  a  stored  "0"  and  a 
stored  "1”  (see,  for  example,  work  by  Ziegler  and 
Lanford  [135]).  For  dynamic  RAM’s  operating  at 
5  V,  the  largest  voltage  swing  which  can  be  toler¬ 
ated  without  losing  stored  information  is  about 
2.5  V.  If  the  storage  capacitance  is  50  fF,  then  Q«,„ 
=  C„AVcr„  =  50  x  1CT15  F  x  2.5  V  =  125  fC,  or 
about  7.8  x  10s  electrons.  One  of  the  main  con¬ 
cerns  behind  the  study  of  single-particle  effects 
has  been  that  reducing  feature  sizes  means 
smaller  area  capacitors  which  tend  to  have  smaller 
capacitance  values.  Because  of  scaling,  more  ad¬ 
vanced  memories  have  tended  to  have  smaller  crit¬ 
ical  charges.  Of  course  the  charge  deposited  by  an 
alpha  particle  does  not  scale,  so  upset  sensitivity 
would  increase  in  more  advanced  circuits  unless 
preventive  actions  are  taken.  We  note  that  the  total 
number  of  electron/hole  pairs  generated  in  Si  by  a 
5-MeV  o-partlcle  is  1.5  x  104. 

An  effect  which  made  SEU  seem  potentially 
more  serious  than  first  thought  was  the  so-cailed 
field  funnellng  effect,  first  reported  by  Hsleh  et  al 
[136].  Funnellng  Is  illustrated  in  figure  45  [137], 
where  we  show  an  alpha  particle  passing  through  a 
Junction  depletion  region  at  t  =  0  (fig.  45a).  In  the 
charge  column  produced  by  the  particle,  the  den¬ 
sity  Is  many  orders  of  magnitude  greater  than  the 
background  doping  level,  so  the  depletion  layer  Is 
Immediately  neutralized  near  the  track  (fig.  45b). 
After  the  depletion  layer  Is  neutralized,  we  have  a 
dense  column  of  charge— in  effect,  a  plasma  wire 
In  contact  with  an  electrode— which  tends  to 
screen  electric  fields  from  the  Interior  of  the  col¬ 
umn.  As  a  consequence  the  field  region  Is  extend¬ 
ed  down  the  track,  as  Indicated  by  the  equipotentlal 
contours  In  figure  45c.  The  original  idea  in  model- 


Figure  45.  Schematic  of  charge  funnellng  mechanism  Indi¬ 
cating  fa)  an  alpha-pcrtlcle  strike  through  reverse-biased 
n*-p  junction;  (b)  depletion  layer  being  neutralized  by 
plasma  column;  and  (c)  equipotentlal  lines  extended  down 
along  particle  track  (137], 
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ling  charge  collection  was  that  the  charge  depos¬ 
ited  in  the  depletion  layer  of  the  struck  device 
would  be  collected  rapidly  by  drift,  and  the  remain¬ 
ing  charge  would  be  collected  more  slowly  by  diffu¬ 
sion  [138].  The  distortion  of  the  field  down  the  track 
meant  that  much  more  charge  would  be  collected 
rapidly  by  drift  than  had  been  assumed. 

The  implications  of  this  conclusion  are  Illus¬ 
trated  in  figure  46  [137].  For  an  alpha  particle  strik¬ 
ing  a  node  In  a  circuit  array,  the  solid  curve  Indi¬ 
cates  the  charge  collection  expected  if  diffusion  is 
the  main  process.  With  tunneling,  considerably 
more  charge  would  be  collected  at  the  struck  node, 
with  less  collected  at  other  nearby  nodes  (dashed 
curve).  If  the  critical  charge  for  this  circuit  Is  in  the 
range  indicated,  one  would  expect  an  upset  with 
tunneling,  but  not  without  ft. 

In  figure  47,  we  present  experimental  results 
[137]  illustrating  how  much  fast  drift  charge  can 
actually  be  collected.  The  charge  generated  In  the 
original  depletion  layer  is  the  amount  that  would  be 
collected  rapidly  by  drift  in  the  absence  of  tunnel¬ 
ing.  The  actual  prompt  charge  collected  (in  about 
1  ns)  Is  Indicated  by  the  triangles,  and  Is  several 
times  greater  than  the  charge  generated  in  the 
original  depletion  layer.  The  total  charge  collected, 
Including  the  slow  diffusion  component,  Is  also 
shown.  These  measurements  were  for  5-MeV  alpha 
particles  incident  on  p-type  SI  with  a  doping  density 
of  8  x  lOM/cm*,  but  similar  results  have  been 
reported  for  n-  and  p-type  SI  over  a  range  of  resis¬ 
tivities  and  for  different  incident  particles  with  a 
wide  range  of  LET'S  [137,139]. 

The  original  reports  of  field  funneling  were 
based  on  large  scale  computer  simulations  along 
with  confirming  experiments,  in  figure  48,  we  show 
representative  results  of  these  computer  simula¬ 
tions  for  alpha  particles  Incident  on  p-type  SI  [136]. 
These  results  show  the  time  scale  on  which  the 
drift  collection  occurs  (KT10  to  1CT* s).  and  they 
show  how  two  samples  of  different  resistivity  com¬ 
pare.  For  more  highly  doped  material,  the  charge  is 
collected  faster,  but  the  total  amount  collected  is 
less.  However,  these  computer  simulations  (neces¬ 
sarily  two-  or  three-dimensional)  were  expensive 
and  difficult  for  others  to  use,  so  a  number  of  sim¬ 
ple  analytical  models  were  proposed  (137, 
139-141].  The  purpose  of  these  models  was  to 


allow  reasonably  accurate  predictions  to  be  made 
conveniently  and  quickly.  The  most  widely  used  of 
these  analytical  models  seems  to  be  the  so-called 
effective  funnel  length  model  [137,139].  The  basic 
approach  in  this  model  is  to  define  a  collection 
depth  U  =  +  x*.  where  9*  Is  the  average  drift 


FlQur*  46.  Schematic  of  charge  collactlon  profiles  over  a 
circuit  array,  Illustrating  enhancement  of  charge  collection 
at  struck  node  due  to  charge  funnaling  (137). 
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Figura  47.  Measured  prompt  charge  collactlon  varaua 
applied  Was  compared  to  charge  generated  in  original  de¬ 
pletion  layer.  Dashed  line  is  total  charge  collected  (prompt 
plus  diffusion}  (137). 
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Flgur*  48.  Computai'  •Imulatlona  of  transient  currant  and 
charo#  oollaotton  for  two  aubatrata  doping  danaltloa  [138]. 


velocity  of  the  carriers  during  the  collection  time  r„ 
and  is  t*"a  original  depletion  layer  width.  This 
expression  w:>  L,  Is  simply  a  formal  statement  that 
the  drift  chargs  collection  will  be  equal  to  that  gem 
erated  In  the  original  depletion  layer  plus  that 
which  can  be  drifted  up  to  the  depletion  layer  in  a 
time  v  The  collection  time,  r„  Is  determined  by  the 
initial  density  of  charge  along  the  track  and  by  the 


background  doping  level  of  the  substrate.  Initially 
the  plasma  density  Is  much  greater  than  the  doping 
level,  but  the  plasma  density  drops  rapidly  as  the 
column  expands  by  diffusion  and  as  the  radial 
fields  separate  the  charges.  When  the  plasma  den¬ 
sity  approaches  the  doping  density  at  time  t  a  tc, 
the  depletion  region  is  assumed  to  reform,  cutting 
off  the  fMnnel  effect.  The  average  drift  velocity  7d  is 
related  to  an  average  longitudinal  field  Ez  which  is 
assumed  to  exist  along  the  track  during  t„.  That  Is, 
7d  =  where  m  is  the  flold-dependent  mobil¬ 
ity  of  the  carriers.  Then  one  closes  the  loop  by 
assuming  that  =  v0/u.,  where  V„  is  the  total 
applied  bias,  Including  the  built-in  work  function. 
This  model  In  effect  replaces  a  field  distribution 
which  varies  rapidly  in  both  time  and  space  with  a 
single  constant  effective  average  field.  For  this 
reason,  the  effective  funnel  length  model  Is  an  ex¬ 
treme  simplification,  and  it  can  really  only  be 
justified  empirically. 

In  fact,  this  model  has  proven  to  be  empirically 
useful  in  many  cases.  In  figures  49  and  50,  we 
show  experimental  resuits  along  with  results  of  the 
effective  funnel  length  model  for  alpha  particles 
Incident  on  p-  and  n-type  SI  over  a  range  of  doping 
densities  [137].  The  agreement  Is  generally  good 
between  theory  and  experiment,  especially  at  low 
biases,  which  are  the  most  Important  In  1C  opera¬ 
tion.  When  the  effective  funnel  length  model  was 
first  introduced,  it  made  predictions  about  the 
dependence  of  prompt  charge  collection  on  sev¬ 
eral  parameters:  doping  level,  substrate  polarity, 
applied  bias,  and  stopping  power  of  the  incident 
Ion.  That  Is,  oharge  collection  decreases  with  in¬ 
creasing  doping  density,  going  as  NJ*.  where  1/3  < 
Z  <  1/2.  Prompt  collection  is  greater  In  p-type  SI 
than  In  n-type  because  the  minority  carrier  mobility 
is  greater.  Prompt  charge  collection  varies  roughly 
with  the  square  root  of  the  applied  bias.  And  prompt 
charge  collection  should  vary  with  (dH/dx/,  where 
1  <  y  <  4/3. 

Ail  these  predictions  were  subsequently  con¬ 
firmed  experimentally,  except  that  for  short-range 
incident  particles,  the  prompt  charge  collection  did 
not  increase  as  fast  as  predicted  with  increasing 
dE/ox.  The  model  equations  were  based  on  the 
assumption  that  the  track  could  be  represented  by 
an  Infinitely  long  cylinder  of  charge.  If  end-of-track 
effects  are  important,  tire  original  model  does  not 
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Flour#  4i.  Drift  oharge  collection  measurements  compered 
with  effective  funnel  length  model  results  for  threa  p-type 
samples  1137]. 


Figure  SO.  DMft  chargs  collection  measurements  compared 
with  model  results  for  two  n-type  samples  (137J. 


account  for  them.  Two  revised  versions  of  the 
model  have  since  been  proposed  to  correct  this 
limitation  [142-143],  but  we  do  not  discuss  them 
here. 

The  charge  collection  problem  Is  extremely 
complicated  in  general,  and  there  Is  a  limit  to  the 
usefulness  of  simple  analytical  treatments.  To  treat 
complex  1C  geometries  will  require  computer  simu¬ 
lations  In  the  long  run  despite  their  drawbacks— 
cost  and  difficulty  In  Implementation.  We  have 
already  mentioned  the  difficulty  caused  by  end-of- 
track  effects  in  the  effective  funnel-length  model, 
even  In  bulk  SI  samples.  Real  technologies  increas¬ 
ingly  use  epitaxial  Si,  where  the  funnel  wouid  be  cut 
off  in  the  substrate,  or  they  use  dielectric  sub¬ 
strates  (SOS  or  SIMOX— separation  by  implanted 
oxygen).  In  addition,  In  a  complex  circuit,  nearby 
elements  would  perturb  field  distributions.  Some¬ 
thing  like  the  effective  funnel-length  model  has  no 
hope  of  dealing  with  all  these  complexities. 

Finally,  we  want  to  point  out  that  three  kinds  of 
single-particle-induced  permanent  failures  have 
been  discussed  in  the  literature.  With  these 
mechanisms,  the  circuit  itself  Is  damaged— -a  more 
serious  problem  than  simply  losing  data.  One  of 
these,  slngle-particle-induced  latchup,  has  actually 
been  observed  [144,145].  The  second,  total-dose 
failure  of  a  small  device  from  the  Ionization  gener¬ 
ated  by  a  single  heavy  particle,  has  been  studied  In 
some  detail  [22,27].  In  SIOi,  the  columnar  recombi¬ 
nation  process  Is  so  strong  for  heavy  ion  tracks  that 
most  of  the  charge  generated  by  an  Ion  simply 
recombines  (see  fig.  12  In  sect.  3.3.1),  and  little 
damage  is  done  to  the  device.  This  kind  of  failure 
may  yet  be  observed,  but  the  device  would  have  to 
be  very  small.  The  third  permanent  failure 
mechanise.  displacement  damage  from  a  single 
neutron  or  Ion  damaging  an  active  device  region, 
has  also  been  studied  In  some  detail  [146-148].  So 
far,  electrical  change?  attributable  to  single  parti¬ 
cles  have  been  observed,  but  they  have  not  been 
large  enough  to  cause  circuit  failures. 
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5.  Displacement  Damage  Eflaota 


5.1  Introduction  and  General  Comments 

In  this  section,  we  discuss  displacement  dam¬ 
age  effects  In  semiconductors.  We  consider  the  fol¬ 
lowing  questions: 

1.  How  does  displacement  damage  occur? 

2.  What  kinds  of  particles  oause  displacement 
damage? 

3.  What  kinds  of  defects  occur  as  a  resuit  of 
displacement  damage,  and  how  are  they 
distributed? 

4.  What  are  the  electrical  properties  of  differ¬ 
ent  defect  centers? 

5.  How  much  annealing  of  displacement  dam¬ 
age  occurs,  and  how  fast? 

6.  What  are  the  stable  damage  coefficients, 
and  how  do  they  depend  on  other  experimental 
variables? 

7.  What  are  the  effects  of  displacement  dam¬ 
age  In  device  physios? 

In  answering  these  questions,  we  describe  In  a 
general  way  the  basic  physical  processes,  and  we 
present  typical  results  to  illustrate  the  main  effects 
and  how  some  of  the  different  parameters  interact. 
However,  a  great  deal  of  work  has  been  done  on 
some  of  these  questions,  and  we  cannot  cover 
more  than  a  sma'i  part  of  It. 


First,  how  does  displacement  damage  occur? 
The  basic  physical  Interaction  was  Illustrated  In 
figure  5a,  where  an  incident  particle  Is  shown  strik¬ 
ing  a  target  atom.  This  primary  Interaction  results 
in  a  target  atom  recoiling  from  Its  lattice  site,  as 
well  as  a  scattered  particle.  If  the  recoil  Is  ener¬ 
getic  enough,  the  atom  is  knocked  loose  from  its 
lattice  site  and  comes  to  rest  some  distance  away 
at  an  interstitial  site  (fig.  5b).  Figure  5  shows  a  scat¬ 
tering  event  producing  a  single  vacancy/lnterstltial 
pair,  but  usually  the  recoiling  atom  and  the  scat¬ 
tered  primary  particle  will  undergo  other  inter¬ 
actions.  In  this  case,  a  cascade  of  displaced  sec¬ 
ondary  atoms  will  result. 

The  simplest  mathematical  description  of  the 
scattering  event  Illustrated  In  figure  5a  Is  that  of  an 
elastic  two-body  collision.  The  equations  for  such  a 
collision  follow  from  the  fact  that  both  energy  and 
momentum  are  conserved.  (These  equations  are 
treated  In  detail  In  a  number  of  basic  textbooks  In 
both  laboratory  coordinates  and  center-of-mass 
coordinates  [1-3,149,150],  For  this  reason,  we  do 
not  discuss  these  equations  In  any  detail.)  Several 
assumptions  are  Implicit  In  using  an  elastic  two- 
body  collision  rnodei.  We  assume  the  particles  act 
like  hard  spheres  with  no  energy  dissipated  In  elec¬ 
tronic  excitations  or  In  nuclear  reactions.  In  addi¬ 
tion,  we  assume  that  no  energy  Is  lost  to  the  lattloe 
(that  Is,  to  other  nearby  atoms)  when  the  recoil 
atom  escapes.  Frequently  these  assumptions  are 
well  justified,  because  the  energy  lost  In  breaking 
bonds  In  the  lattice  Is  very  small  compared  to  the 
energy  of  the  particles  Involved.  For  example,  only 
about  25  eV  need  be  transferred  to  a  recoil  atom  In 


SI  In  order  to  produce  a  vacancy/interstltlal  pair. 
The  energy  of  typical  incident  particles  is  meas¬ 
ured  in  MeV,  on  the  other  hand.  In  fact,  many  other 
materials  also  have  critical  energies  for  displace¬ 
ment  around  25  eV.  If  only  a  few  electron  volts  out 
of  1  MeV  are  lost  to  electronic  excitations  and  lat¬ 
tice  distortions,  these  effects  can  generally  be 
neglected.  (Nuclear  reactions,  if  they  occur,  may 
be  more  important.) 

This  discussion  leads  into  our  second  question: 
what  kinds  of  particles  can  cause  displacement?  In 
principle,  any  energetic  particle  can  cause  dis¬ 
placement  damage;  neutrons  and  energetic 
charged  particles  (electrons,  protons,  alpha  parti¬ 
cles,  heavy  cosmic  ray  ions)  are  the  most  impor¬ 
tant  ones.  Since  neutrons  do  not  interact  directly 
with  the  electrons  in  the  target  material,  they  lose 
energy  only  through  nuclear  Interactions.  For  this 
reason,  displacement  processes  are  much  more 
important  for  neutrons  than  for  charged  particles. 
For  the  charged  particles,  Interactions  with  atomic 
electrons  cause  most  of  the  energy  loss,  but 
Coulomb  scattering  from  nuclei  can  lead  to  dis¬ 
placement  damage  also.  The  qualitative  differ¬ 
ences  between  the  Interactions  of  charged  and  un¬ 
charged  particles  are  illustrated  In  figure  51,  where 


Figure  61.  Energy  loss  for  10-MeV  neutrons  and  for  10-MeV 
protons  Indicating  for  protons  energy  loss  due  to  both  eleo- 
tronlo  and  nuclear  processes  separately. 


we  compare  the  energy  deposited  in  tissue  through 
different  processes  for  10-MeV  protons  and 
neutrons.  (The  results  for  silicon  are  qualitatively 
similar.)  For  the  10-MeV  neutrons  [151],  the 
primary  interaction  is  a  nuclear  scattering  event, 
but  the  knock-on  atom  or  atoms  lose  a  large  part  of 
their  energy  through  ionization.  The  total  energy 
loss  for  neutrons  is  plotted  in  the  figure,  but  only  a 
small  part  of  this  energy  loss  actually  goes  Into 
displacement  processes.  The  remainder  is  lost  by 
ionization  in  the  slowing  down  of  the  knock-on 
atoms  (see  fig.  52).  For  the  proton  curves  in  fig¬ 
ure  51,  we  plot  the  nuclear  energy  loss  and  the 
electronic  (ionization)  energy  loss  separately.  The 
electronic  processes  account  for  roughly  three 
orders  of  magnitude  more  energy  loss  than  nuclear 
processes. 

This  is  Illustrated  by  figure  52,  where  we  plot  for 
protons  the  energy  loss  from  nuclear  processes 
(the  Lindhard,  Scharff,  and  Schiott — LSS-— theory) 
[152]  as  a  fraction  of  total  energy  loss  (nuclear  plus 
electronic).  For  neutrons,  we  plot  the  nuclear  (LSS) 
fraction  of  total  energy  loss  for  a  primary  silicon 
knock-on  atom.  For  example,  an  Si  atom  with  an  ini¬ 
tial  energy  of  1  MeV  would  lose  about  20  percent  of 
its  energy  through  nuclear  processes.  If  these 
results  were  replotted  in  terms  of  the  energy  of  the 
Incident  neutrons,  the  curve  would  obviously  be 
shifted  to  the  right.  For  this  reason,  the  neutron 
curve  in  figure  52  Is  a  limiting  case  rather  than  an 
"exact"  result. 


FlQure  52.  Nuclear  fraotlon  of  energy  loss  for  protons  and 
neutrons. 


The  main  point  of  this  discussion  is  that  the 
ultimate  fraction  of  energy  going  into  atomic 
displacements  is  one  to  two  orders  of  magnitude 
greater  for  neutrons  than  protons.  For  this  reason, 
displacement  damage  is  generally  the  primary 
cause  of  degradation  of  electrical  properties  from 
high-energy  neutron  irradiation.  Another  associ¬ 
ated  key  point  is  that  the  proton  range  is  many 
orders  of  magnitude  less  than  the  neutron  range 
(see  fig.  51).  By  the  time  ionization  effects  by 
secondary  particles  are  accounted  for,  protons 
may  produce  more  displacement  damage  in  a 
small  increment  of  volume  than  neutrons  at  these 
energies.  However,  if  one  integrates  over  the  range 
of  the  particles,  the  neutrons  will  cause  much  more 
displacement  damage  because  of  the  difference  in 
ranges. 

We  have  tried  here  to  point  out  the  main  quali¬ 
tative  differences  between  the  interactions  of 
charged  particles  and  neutrons  and  the  displace¬ 
ment  damage  they  produce.  However,  the  compar¬ 
ison  of  displacement  effects  produced  by  different 
kinds  of  particles  at  different  energies  and  test  con¬ 
ditions  is  a  very  active  research  area.  In  general, 
heavier  particles  generally  produce  more  displace¬ 
ment  damage  than  lighter  ones,  because  they  have 
more  momentum  at  a  given  energy;  however,  a 
detailed  picture  has  not  yet  emerged  of  the  energy 
dependence  of  displacement  damage  by  charged 
particles. 

At  this  point  we  explain  the  concept  of  kerma, 
kinetic  energy  released  In  the  material.  Kerma  Is 
the  Initial  kinetic  energy  of  all  the  secondary  parti¬ 
cles  prod'  iced  by  Indirectly  ionizing  primary  parti¬ 
cles  (pho  ons  and  neutrons).  Normally  the  kerma  Is 
the  same  as  the  dose.  The  only  exception  occurs 
for  secondary  particles  sufficiently  penetrating  that 
they  can  escape  the  target  material  Instead  of 
being  absorbed. 

Next  we  consider  our  third  question:  what  kinds 
of  defects  occur  and  how  are  they  distributed?  De¬ 
fects  may  be  classified  as  simple  defects  (vacan¬ 
cies,  divacancles,  vacancy/lmpurlty  complexes, 
Interstitials,  di-interstitials,  Interstitial/impurity  com¬ 
plexes),  as  well  as  larger  defect  clusters.  Histor¬ 
ically,  the  first  efforts  at  modeling  displacement 
damage  were  attempts  to  explain  experimental  re¬ 


sults  in  terms  of  isolated  point  defects.  However, 
these  results  were  not  entirely  satisfactory,  leading 
Gossick  [153]  to  postulate  the  existence  of  large 
disordered  regions.  This  so-called  Gossick  model 
of  defect  clusters  is  illustrated  in  figure  53.  The 
core  of  the  damage  region  with  radius  Flo  is  as¬ 
sumed  to  be  compensated  intrinsic  mater  ial— that 
is,  electrically  neutral.  The  outer  shell  of  the  dam¬ 
aged  region,  between  Ro  and  R!,  is  assumed  to  be 
charged  by  trapped  majority  carriers  (electrons  in 
our  example).  The  space  charge  region  between  Ri 
and  Ra  is  an  undamaged  depletion  layer  (positive  in 
this  example),  which  balances  the  trapped  majority 
carrier  charge.  In  the  Gossick  model,  the  disor¬ 
dered  region  presents  a  potential  barrier  to  major¬ 
ity  carriers  and  a  potential  well  to  minority  carriers, 
with  the  result  that  defect  clusters  serve  as  very  ef¬ 
ficient  regions  for  minority  carrier  recombi¬ 
nation  [5]. 

A  "typical”  distribution  of  clusters  produced  by 
a  50-keV  Si  recoii  atom  is  shown  In  figure  54  [154]. 
No  one  has  argued  that  the  clusters  are  truly  spher¬ 
ical,  although  a  spherical  shape  Is  frequently  as¬ 
sumed  for  convenience  in  modeling.  The  size  of  the 
clusters  and  their  spatial  distribution  has  been  a 
somewhat  controversial  topic  over  the  years. 
Gossick  himself  said  that  a  damaged  region  would 
typically  contain  10s  to  10*  atoms,  corresponding 
to  Ri  =  15  to  20  nm.  (The  clusters  shown  in  fig.  54 
are  slightly  smaller  than  proposed  by  Gossick.)  On 
one  hand,  Srour  et  al  [146]  have  proposed  that 
damage  clusters  could  be  larger  under  some  cir¬ 
cumstances,  and  on  the  other  hand,  Mueller  et  al 
[155]  have  argued  that  the  clusters  are  no  more 
than  5  nm  in  diameter.  Mueller’s  conclusion  Is 
drawn  from  calculations  based  on  a  model  similar 
to  that  shown  In  figure  55,  and  on  (apparently 
unpublished)  transmission  electron  micrograph 
experiments.  In  figure  55,  the  size  of  the  damaged 
regions  can  be  Inferred  from  the  fact  that  the  tic 
marks  on  the  axes  are  10  nm  apart.  The  Initial 
energy  of  the  primary  SI  recoil  atom  here  is  50  keV, 
the  same  as  In  the  calculation  shown  In  figure  54. 
Qualitatively,  the  electrical  effects  of  neutron  bom¬ 
bardment  in  SI  have  been  accounted  for  reason¬ 
ably  well  using  the  Gossick  cluster  model.  How¬ 
ever,  characterizing  the  details  of  the  actual  micro¬ 
scopic  nature  of  the  damaged  regions  Is  still  an 
active  research  area. 
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Figure  53.  Gossick  model  for  defect  clusters  In  neutron- 
irradiated  n-type  SI  [5]. 


Figure  54.  Typloal  recoil-atom  traok  with  primary  energy  of 
50  keV  [154]. 


5.2  Effects  on  Electrical  Properties 

Now  we  come  to  the  question  of  hew  the  pres¬ 
ence  of  defect  centers  affects  the  electrical  prop¬ 
erties  of  the  semiconductor.  The  existence  of  the 


Figure  55.  Different  picture  of  typical  recoil-atom  track  with 
primary  energy  of  50  keV.  Tic  marks  on  axes  are  10  nm 
apart  [155]. 

forbidden  bandgap  in  a  semiconductor  is  a  conse¬ 
quence  of  the  periodicity  of  the  lattice.  The  exist¬ 
ence  of  any  defect  disrupts  the  periodicity  of  the 
lattice,  giving  rise  to  a  localized  state  in  the  band- 
gap.  in  figure  56  we  illustrate  five  different  effects 
which  can  be  caused  by  localized  states  in  differ¬ 
ent  parts  of  the  bandgap  [5].  First,  levels  near  mid¬ 
gap  serve  as  thermal  generation  centers  for  elec¬ 
tron/hole  pairs,  leading  to  increased  dark  currents 
In  circuits.  Second,  other  localized  states  lying  in 
the  midgap  region  can  serve  as  recombination  cen¬ 
ters,  shortening  minority  carrier  lifetimes  and 
reducing  the  gain  In  bipolar  transistors.  Third, 
shallow-trap  levels  near  the  band  edges  can  trap 
charges  temporarily,  reemltting  them  in  response 
to  thermal  excitation.  Both  majority  and  minority 
carriers  undergo  trapping,  but  at  different  levels. 
This  process  reduces  the  charge  transfer  effi¬ 
ciency  In  charge-coupled  devices  (CCD’s).  Fourth, 
deep  radiation-induced  trap  levels  can  compensate 
the  majority  carriers,  leading  to  the  carrier  removal 
process.  In  the  example  In  figure  56,  deep  accep¬ 
tors  compensate  the  donors  near  the  band  edge. 
Fifth,  trap-assisted  tunneling  can  lead  to  increased 
junction  leakage  current  when  a  carrier  tunnels 
halfway  through  a  barrier  to  a  trap  state.  Two  short 
tunneling  steps  are  much  more  likely  than  a  parti¬ 
cle  tunneling  all  the  way  through  the  barrier.  A  sixth 
process,  not  shown,  Is  that  the  defects  act  as  scat¬ 
tering  centers.  This  process  leads  to  the  reduction 
of  carrier  mobilities. 

The  most  Important  consequences  of  these 
effects  In  semiconductors  are  reduction  of  minority 
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Important  effects.  These  effects  become  signifi¬ 
cant  only  at  1014  or  10“  n/cm1,  or  even  higher 
levels. 
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Figure  56.  Five  effeote  that  oan  oeour  because  of  presence 
of  defect  oenters  in  forbidden  gap  [5]. 

carrier  lifetime,  carrier  removal,  and  mobility 
degradation.  In  figure  57  we  Illustrate  the  relative 
sensitivity  of  minority  carrier  lifetime,  carrier  con¬ 
centration,  and  mobility  to  neutron  Irradiation  and 
displacement  damage  [5],  For  bipolar  devices, 
minority  carrier  lifetime  reduction  Is  the  most 
Important  effect.  The  longer  the  initial  lifetime  is, 
the  more  sensitive  the  devices  are.  This  point  Is 
Illustrated  by  curves  for  10-jib  and  10-ns  Initial  life¬ 
times.  Even  with  the  shorter  Initial  lifetime  of  10  ns, 
significant  lifetime  reduction  would  be  expected  by 
a  total  neutron  fluence  of  101*  n/cm*.  For  MOS  and 
GaAs  devices,  on  the  other  hand,  minority  carriers 
do  not  play  a  significant  role.  For  these  devices, 
carrier  removal  and  mobility  reduction  are  the  most 


Figure  57,  Relative  sensitivity  of  lifetime,  carrier  concentra¬ 
tion,  and  mobility  to  neutron  bombardment.  Two  values  of 
prelrradlatlon  lifetime  are  ehown  [5]. 


5.2. 1  Time-Dependent  Annealing  of  Damage 


Next  we  come  to  our  fifth  question:  how  much 
and  how  fast  does  annealing  of  displacement  dam¬ 
age  occur?  In  general,  displacement  damage 
annealing  Is  broken  into  two  parts— short-term 
annealing  and  long-term  annealing  (see  fig.  58  [5]). 
The  short-term  annealing  factor  at  time  t  is  degra¬ 
dation  at  time  t  divided  by  the  "permanent"  degra¬ 
dation.  Annealing  occurs  because  the  defects  tend 
to  move  around  by  diffusion  and  recombine  or 
otherwise  repair  themselves,  but  the  effectiveness 
of  these  processes  decreases  rapidly  with  time.  In¬ 
deed,  short-term  annealing  Is  usually  complete 
within  about  one  minute,  with  remaining  damage 
considered  "permanent."  Actually,  the  permanent 
damage  also  anneals  (long-term  annealing),  but 
much  more  slowly.  In  figure  58,  about  half  the  "per¬ 
manent"  damage  observed  at  one  minute  has 
recovered  by  one  year.  To  Illustrate  the  early  time 
annealing  effects,  we  show  in  figure  59  some  typi¬ 
cal  annealing  curves  for  p-type  SI  samples  exposed 
to  two  different  kinds  of  neutron  sources  [158].  The 
annealing  factor  Is  larger  at  early  times  for  14-MeV 
neutrons  than  for  reactor  neutrons,  Indicating  a 
higher  defect  Interaction  rate  for  the  14-MeV 
neutrons.  In  all  cases  the  annealing  rate  becomes 
small  for  1 5 10*  s. 


SHORT-TERM 
AMHEAUM6  FACTOR 


(FOR  TRANSISTORS,  SUSStmilE  /?FU*  T<) 


Flour*  66.  Room-t*fflp*r*tur*  *nn**ling:  sbort-  and  long- 
term  r*cov*ry  proc*»M*  In  n*ulron4rr«di*!*d  $1  (5). 
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on  the  many  relevant  variables.  However,  we  do 
present  three  examples  (fig.  60  to  62)  to  illustrate 
how  important  some  of  the  variables  are. 

Figure  60  shows  how  relative  displacement 
damage  varies  as  a  function  of  neutron  energy 
[157],  Many  practical  neutron  sources  have  aver¬ 
age  energies  around  1  MeV,  but  there  are  many 
sharp  peaks  and  valleys  in  the  relative  damage 
function  around  1  MeV.  A  small  difference  in 
energy  between  two  sources  can  easily  lead  to  a 
difference  of  a  factor  of  two  or  three  in  damage. 
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Figure  59.  Short-term  damage  annealing  In  neutron- 
irradiated  silicon:  annealing  factors  as  a  function  of  time 
for  different  neutron  souroes  [156]. 

5.2.2  Long-Term  Damage 

The  sixth  question  In  our  Initial  question  list  has 
to  do  with  how  much  stable  displacement  damage 
Is  caused  under  a  given  set  of  conditions.  Long¬ 
term  displacement  damage  Is  expressed  In  terms 
of  damage  coefficients  which  depend  on  a  large 
number  of  variables:  particle  type,  particle  energy, 
material  type,  resistivity  (doping  level),  Injection 
level,  and  temperature.  In  general,  the  postlrradla- 
tlon  value  of  a  parameter  (or  Its  reciprocal)  Is  given 
as  the  preirradiation  value  plus  a  damage  coeffl-  it*1 
dent  times  the  Incident  particle  fluence.  Several  *  * 
examples  of  neutron  damage  coefficients  for  SI  are 

given  in  list  6,  taken  from  Srour  [5].  We  do  not  Figure  60.  Neutron  energy  dependence  of  displacement 
discuss  In  any  detail  how  these  coefficients  depend  damage  in  si  [157]. 
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Ust  6.  A  number  of  long-term  neutron  damage  coefficients 
for  silicon. 

Recombination  lifetime:  t;*  =  t*  +  ♦/«, 

For  N'lype.  low  resistivity,  and  low  Injection: 

K,  *  10*  n-s/cm*  (reactor  neutrons) 

K,(u  x  10*  n-s/cm*  (14*MeV  neutrons) 

Generation  utetimo;  ri‘  e  t£'  +  jx'K, 

For  N-type  and  P-type: 

K,  a  ?  x  to*  n-s/cm*  (reactor  neutrons) 
a  3  x  t0*  n-s/cm*  ( 14-MeV  neutrons) 

Carrier  removal:  n(pos>)  «  n(pre)  -  (An/AW 
For  N-type.  N*  *  10”  cm**,  reactor  neutrons: 

An/At  a  6  n*‘  cm*' 

Mobility:  x*'  “  xi'  ♦ 

For  2  ohm-cm.  N-type  and  P-lype.  reactor  neutrons: 

Kp  *  3  X  tO*1*  V-8/n _ 


Figure  51.  tnjeotlon  level  dependence  of  long-term  recombi¬ 
nation  lifetime  damage  coefficient  for  14-MeV  Irradiated 
p-type  81  [158]. 
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Figure  62.  Resistivity  dependence  of  low-Injectlon-level  per¬ 
manent  lifetime  degradation  for  different  neutron  sources 
[168]. 


For  this  reason  it  is  probably  even  more  important 
to  characterize  accurately  a  neutron  spectrum 
than  to  characterize  other  radiation  source 
spectra. 

In  figure  61  the  recombination  lifetime  damage 
coefficient  is  plotted  as  a  function  of  carrier  injec¬ 
tion  level  for  samples  of  several  resistivities  [158]. 
The  peak  In  each  curve  occurs  when  the  Injection 
level  is  equal  to  the  doping  density.  This  figure  illus¬ 
trates  the  point  that  the  relevant  variables  Interact 
In  complicated  ways.  The  differences  between, 
say,  the  open  circles  and  solid  circles  are  due  to 
differences  in  doping  level.  But  the  curves  cross, 
so  one  cannot  even  make  a  general  statement  that 
damage  Is  greater  (or  less)  In  more  highly  doped 
material.  The  answer  depends  on  something 
else— In  this  case,  carrier  injection  level. 

In  figure  62  we  show  typical  damage  coeffi¬ 
cients  for  n-type  SI  of  several  resistivities  one  year 
after  Irradiation  with  14*MeV  neutrons  or  reactor 
neutrons  [158].  These  results  Illustrate  again  how 
parameters  interact— the  resistivity  makes  an 
Important  difference.  A  great  deal  of  work  exploring 
the  effects  of  various  factors  on  neutron-induced 
displacement  damage  In  Si  was  published  In  the 
IEEE  Transactions  on  Nuclear  Science  [11]  in  the 
1960's  and  early  70's.  However,  we  do  not  discuss 
these  effects  any  further  here. 

5.3  Effects  on  Device  Characteristics 


device  physics?  Probably  the  most  Important 
effect — the  one  receiving  the  most  attention  over 
the  years— is  that  of  bipolar  transistor  gain  degra¬ 
dation  due  to  reduction  of  minority  carrier  lifetime. 
Here  we  present  just  one  example,  the  degradation 
of  current  gain  of  a  discrete  bipolar  transistor 
exposed  to  several  neutron  fluences  up  to  5.6  X 
1013  n/cm2  (1  MeV  equivalent).  In  figure  63,  we 
show  experimental  points  showing  that  the  gain  Is 
reduced  by  about  an  order  of  magnitude  for  the 
largest  fluence,  depending  somewhat  on  the 
operating  temperature  [159],  The  solid  curves  are 
theoretical  predictions,  and  they  agree  quite  well 
with  the  experimental  results. 

Because  transistor  gain  is  approximately  pro¬ 
portional  to  minority  carrier  lifetime  divided  by  car¬ 
rier  transit  time  through  the  base  region,  the  effect 
of  gain  degradation  is  decreased  by  the  use  of 
devices  with  narrow  base  regions.  For  this  reason, 
present-day  scaled-down  1C  bipolar  transistors  are 
much  less  susceptible  to  neutron  Irradiation  than 
the  old  discrete  devices.  Other  displacement  dam¬ 
age  effects  in  Si  bipolar  devices  that  have  received 
some  attention  Include  Increase  In  leakage  cur¬ 
rents  due  to  the  Introduction  of  generation  centers 
In  reversed  bias  Junctions,  and  carrier  removal 
effects  which  lead  to  decreased  punch-through 
voltages  and  Increased  collector  resistance  [5]. 


Figure  63.  Typloal  gain  degradation  In  bipolar  translator 
Finally,  we  come  to  our  seventh  and  last  ques-  irradiated  with  three  different  t-MeV  equivalent  neutron 
tlon:  what  Impact  do  displacement  effects  have  in  fluenoea  (159). 
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6.  Radiation  Effect*  In  Gallium  Arsanlda 

GaAs  is  a  semiconducting  crystalline  material 
like  SI,  and  therefore  is  subject  to  the  same  basic 
radiation  effects  that  occur  In  Si,  namely,  ionization 
and  atomic  displacements.  However,  there  are 
some  different  consequences  of  the  basic  radiation 
effects  on  the  electrical  characteristics  of  GaAs 
devices,  which  lead  to  qualitatively  different  radia¬ 
tion  susceptibilities.  In  a  nutshell,  the  total  dose 
ionization  hardness  of  GaAs  devices  Is  generally 
very  good,  because  GaAs  technologies  do  not 
employ  gate  oxides;  neutron  effects  (displacement 
damage)  are  considerably  smaller,  because  life¬ 
time  degradation  Is  generally  unimportant  In  GaAs 
technologies;  and  transient  radiation  effects  (both  j 
upset  and  SEU)  In  GaAs  are  roughly  comparable  to 
the  harder  SI  technologies.  Thus,  It  can  be  gener¬ 
ally  asserted  that  the  overall  radiation  hardness  of 
GaAs  circuits  Is  superior  to  the  St-based  circuits.  It 
cannot  be  said,  though,  that  GaAs  Is  immune  to 
radiation  effects,  particularly  with  respect  to  tran¬ 
sient  upsets.  The  hardness  levels  for  present  day 
state-of-the-art  GaAs  devices  can  be  approximately 
stated  as  follows: 

10’  to  10*  radfGaAs)  for  total  ionizing  dose; 

10>0  to  10U  radfGaAsys  for  transient  upset; 

~10“’  errors/bit-day  for  single-event  upset;  and 

M0“  n/cm*  for  neutron  displacement 
damage. 

We  now  discuss  each  of  the  radiation  susceptibility 
categories  In  a  little  more  detail  for  GaAs,  indicat¬ 
ing  some  of  the  primary  radiation  effects  problems 


of  concern.  For  further  Information  on  radiation  ef¬ 
fects  in  GaAs  devices  and  circuits,  the  reader  Is 
referred  particularly  to  the  recent  review  article  by 
Zuleeg  [160]. 

6.1  Total  Ionizing  Dose 

The  Insensitivity  of  GaAs  to  total  Ionizing 
dose—at  least  for  permanent  effects— Is  due  to 
two  factors;  (1)  the  absence  of  gate  Insulators  In 
GaAs  devices,  end  (2)  the  absence  of  parasitic  cur¬ 
rent  leakage  paths  under  tleld/passivatlon  Insula¬ 
tors  due  to  the  difficulty  of  Inverting  GaAs  surface 
regions.  This  latter  factor  is  a  result  of  very  high 
Interface-state  densities  present  (before  Irradia¬ 
tion)  In  all  GaAs/insulator  Interfaces;  effectively, 
the  Fermi  level  at  an  Interface  Is  pinned  at  a  fixed 
constant  value  by  the  high  N<.  density.  This  is  pre¬ 
cisely  the  reason  it  has  not  been  possible  to  fabri¬ 
cate  good  GaAs  metaMnsutator-semlconductor 
(MIS)  devices.  (It  should  also  be  noted  with  respect 
to  the  first  factor  that  Si  junction  field-effect  transis¬ 
tor  (JFET)  technology,  which  also  does  not  use  gate 
oxides,  also  enjoys  a  higher  tolerance  to  total  dose 
than  other  Si  technologies.) 

The  high  total-dose  insensitivity  of  GaAs  is 
clearly  illustrated  in  figure  64,  which  shows  experi¬ 
mental  results  [161)  of  loj*  versus  V0  for  an  epitax¬ 
ial  enhancement-mode  GaAs  JPET  before  irradia¬ 
tion  (dark  circles)  and  after  exposure  to  an  ionizing 
radiation  dosa  of  tcP  rad(GaAs)  (open  circles). 
Before  the  irradiation,  Vr  *  0.42  V,  and  after  expo¬ 
sure  V*  =  0.425  V.  essentially  a  null  effect.  Also 
shown  (triangles)  are  the  resulls  after  neuiron  ir¬ 
radiation  to  17  x  10“  n/cm*.  In  this  case  there  is 
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Figure  64.  Effect  of  Irradiation  on  lorV0  characteristic  of 
epitaxial  GaAs  JFET  with  channel  region  doping  density  of 
10w/cm*  [161]. 


still  only  a  small  shift  In  Vr,  but  there  Is  a  noticeable 
change  in  the  slope  of  the  curve,  or  transconduct¬ 
ance.  We  return  to  this  point  In  section  6.3. 

Even  though  GaAs  devices  are  basically  Im¬ 
mune  to  long-term  total-dose  effects,  a  transient 
effeot  has  been  observed  [162]  which  is  associated 
with  Ionizing  radiation-induced  charging  of  Cr- 
doped  semi-insulating  (SI)  GaAs  substrates  which 
have  been  widely  used  in  GaAs  FET  structures  for 
Isolation  purposes.  This  substrate  charging  causes 
a  reduction  In  the  drain  current  of  the  transistor 
with  observed  time  constants  as  large  as  seconds. 
The  effect  on  lM  Is  depleted  In  figure  65,  which 
shows  lot  normalized  to  Its  preirradiation  value 
plotted  versus  time  following  100  rad(QaAs)  of 
pulsed  (3-ns)  600-keV  x-ray  Irradiation  for  a  series 
of  initial  lot  values  [162].  These  lM  transients  are 
characterized  by  peak  reductions  In  current  ampli¬ 
tude  ranging  from  90  percent  of  the  quiescent  cur¬ 
rent  at  0.5  mA  to  less  than  5  percent  at  the  10-mA 
level.  The  recovery  time  constants  associated  with 
these  data  are  In  the  range  from  10  to  14  s. 

A  schematic  model  [163]  Indicating  the  cause 
of  the  transient  reduction  in  lw  is  shown  In  fig¬ 
ure  66.  A  net  negative  charging  of  the  SI  substrate 
Is  depicted  which  Induces  a  backgate  depletion 
region  in  the  p-GaAs  epitaxial  layer  (n-channel 
region)  next  to  the  Interface  with  the  substrate.  This 
induced  depletion  region  then  reduces,  or  pinches, 
the  electron  current  flow  In  the  n-channel.  The  sub¬ 
strate  charging  was  attributed  [162,163]  to  electron 


Figure  65.  Pulsed  radiation  response  characteristics  at 
various  lw  levels  of  GaAs  MESFET  (metal  epitaxial  semi¬ 
conductor  FET).  [162]. 
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Figure  66.  Schematic  cross  seotlon  of  gate  region  of  GaAs 
FET,  indicating  effect  of  transient  substrate  oharglng  [163]. 

trapping  in  deep  trap  levels  associated  with  the  Cr 
Impurities.  Based  on  the  time  constants  for  the  dis¬ 
charge  of  the  traps  (recovery  of  I**),  the  energy 
level  of  the  traps  was  determined  to  be  M).B  eV. 
The  transient  charging  problem  can  be  avoided  by 
using  carefully  prepared  Intrinsic  SI  GaAs  sub¬ 
strates  having  low  impurity  concentrations  [164]  or 
by  the  use  of  a  conducting  p-GaAs  buffer  layer 
[163,165]  between  the  active  channel  and  SI 
substrate. 

6.2  Transient  Radiation  Effeota 

In  principle,  GaAs  devices  should  be  somewhat 
harder  to  transient  y  upset  than  SI  devices  because 
of  shorter  minority  carrier  lifetimes.  But  because 
upset  levels  in  practice  are  strongly  dependent 
upon  circuit  configuration  (geometric  layout  as  well 
as  electrical),  the  actual  upset  levels  in  GaAs  cir¬ 
cuits  are  generally  comparable  with  the  harder  SI 
technologies  [166]. 

Based  on  extensive  experimental  work  and 
analysis,  Zuleeg  et  al  [167]  argue  that  the  upset  lev- 
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els  in  GaAs  JFET’s  with  channel  lengths  below 
~1  pm  are  dominated  by  shunt  currents  between 
the  source  and  drain  through  the  SI  substrate.  This 
is  indicated  by  I,,  in  figure  67,  which  schematically 
illustrates  the  shunt  current  effect.  The  currents 
\„t  and  Ipp2  are  the  usual  junction  photocurrents, 
and  these  dominate  the  upset  levels  for  devices 
with  longer  channel  lengths.  In  effect,  the  normally 
hlgh-resistlvity  SI  substrate  becomes  conducting 
because  of  the  Induced  carrier  densities  from 
ionization  in  the  substrate,  and  offers  a  low- 
resistance  shunt  path  for  currents  between  the 
source  and  drain  regions.  For  a  1-pm  channel 
length,  the  predicted  upset  rate  due  to  the  shunt 
substrate  current  is  ~5  x  10l°  rad(GaAs)/s. 

The  charge  collected  at  a  Schottky  junction  di¬ 
ode  on  a  semiconducting  GaAs  substrate  following 
a  single  energetic  particle  strike  Is  qualitatively 
similar  to  the  charge  collection  In  the  correspond¬ 
ing  SI  structures.  The  prompt  charge  collection,  en¬ 
hanced  by  the  field  tunneling  effect  (see  sect.  4.3), 
seems  to  be  fairly  well  described  [166]  by  the  effec¬ 
tive  funnel  length  model  of  McLean  and  Oldham 
[137],  originally  developed  to  describe  charge  col¬ 
lection  due  to  alpha-particle  strikes  through  SI 
Schottky  junction  diodes.  So  apparently  the  same 
physics  (underlying  the  funnel  effect)  Is  operative  In 
both  GaAs  and  Si  diodes  that  are  on  purely  semi¬ 
conductor  substrates.  However,  for  GaAs  diodes 
that  are  fabricated  on  a  GaAs  epitaxial  layer  on  top 
of  a  doped  SI  GaAs  substrate— corresponding  to 
the  more  usual  present-day  technology  configura¬ 
tion— there  Is  a  significant  reduction  in  the  ob¬ 
served  charge  collection,  both  total  and  prompt, 
from  that  In  diodes  fabricated  on  semiconductor 
substrates  [169].  This  effect  Is  illustrated  by  the 
data  In  figure  68,  which,  over  the  bias  range  shown, 
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Figure  68.  Comparison  of  alpha-partlcle-lnduced  charge 
collection  for  diodea  fabricated  on  aemlconduotor  eub- 
strata*  and  aami-lnaulatlng  aubatratea  (168]. 

indicate  about  a  40-percent  reduction  In  the 
amount  of  charge  collected  In  the  diodes  on  an  SI 
substrate,  compared  with  those  on  a  semiconduct¬ 
ing  (SC)  substrate.  The  mechanism  responsible  for 
the  reduced  charge  collection  Is  the  same  as  that 
responsible  tor  the  transient  substrate  charging 
effect  discussed  in  the  previous  subsection,  name¬ 
ly,  long-term  trapping  of  the  radiation-induced  car¬ 
riers  In  the  doped  SI  substrate  at  deep  trapping 
levels,  most  likely  associated  with  the  Cr  Impuri¬ 
ties.  In  the  single-event  case,  the  deep  level  trap¬ 
ping  Is  helping  matters  by  reducing  the  prompt 
charge  collection.  To  date,  comparable  single- 
event-induced  charge-collection  experiments  for 
epitaxial  layer  GaAs  diodes  fabricated  on  Intrinsic 
(undoped)  Si  substrates  have  not  been  carried  out. 


Figure  67.  CroM  Mellon  of  onhtneomtnt  mod*  GtAi  JF£T 
indicating  «ourcedr*ln  shunt  current  path  through  mru- 
inflating  «ub*tr*t«  (167). 


6.3  Diapiacement  Damage  Effects 

Minority  carrier  degradation  due  to  displace¬ 
ment  damage  is  not  important  in  GaAs  devices, 
either  because  of  the  short  initial  (prelrradiailon) 
carrier  lifetimes  fer  bipolar  GaAs  technologies  or 
because  the  devices  are  majority  carrier  devices 
for  FET  technologies.  The  transistor  gain  degrada¬ 
tion  in  either  kind  of  device  is  due  primarily  to  car¬ 
rier  removal  and  mobility  degradation.  The  change 
in  the  iransconductance  of  a  JFET  due  to  these  ef¬ 
fects  following  neutron  exposure  to  1.7  *  10“ 


n/cm2  was  already  noted  In  figure  64.  A  detailed 
analysis  of  the  neutron-induced  degradation  in 
transconductance  for  JFET’s  operating  in  the  hot- 
electron  regime  was  carried  out  by  Behie  and 
Zuleeg  [170],  and  the  results  for  the  transconduct¬ 
ance  normalized  to  its  initial  value  are  shown  in  fig¬ 
ure  69  plotted  against  neutron  fluence  for  three  dif¬ 
ferent  channel  doping  concentrations.  Experimen¬ 
tal  results  for  GaAs  JFET’s  with  a  channel  doping  of 
approximately  1  *  1017  cm"3  are  shown  by  the  cir¬ 
cles  in  the  figure,  In  good  agreement  with  the  pre¬ 
dictions  of  the  analysis. 

We  briefly  note  in  concluding  this  section  the 
primary  displacement-damage-induced  degrada¬ 
tion  in  some  other  important  classes  of  GaAs 
devices.  GaAs  is  used  extensively  in  optoelectronic 
devices,  and  these  devices  degrade  by  the  Intro¬ 
duction  of  nonradlative  recombination  centers, 
which  lead,  for  example,  to  a  decreased  efficiency 
In  GaAs  light-emitting  diodes.  Carrier  removal  is  the 
prime  degradation  mechanism  In  GaAs  charge- 
coupled  devices,  leading  to  reduction  in  the  charge 
transfer  efficiency.  The  so-called  novel  GaAs 


device  structures  (devices  such  as  high-electron- 
mobility  transistors — HEMT’s— and  modulated 
doping  FET’s— MODFET’s)  which  depend  for  their 
operation  on  layers  of  high  electron  mobility  may 
degrade  seriously  because  of  mobility  reduction  in¬ 
duced  by  displacement  damage. 


Figure  69.  Calculated  normalized  transconductance  versus 
neutron  fluence  tor  QaAs  JFET'a  operating  In  hot-electron 
range  for  three  channel  doping  concentrations.  Experimen¬ 
tal  results  for  channel  doping  of  f  »  1Q”/cm3  shown  by 
circles  (170]. 


7.  Temperatura  Effects 


Temperature  affects  io  some  degree  just  about 
all  physical  properties  and  processes.  As  such,  the 
broad  subject  of  temperature  effects  Is  tar  beyond 
the  scope  of  our  present  discussion,  and  hence  we 
do  not  discuss  here  temperature  effects  per  se. 
The  temperature  dependence  of  electronic  mater¬ 
ial  properties  (such  as  carrier  mobilities,  concen¬ 
trations,  and  lifetimes,  electrical  conductivities  and 
resistivities,  bandgap  widths,  thermal  conductivi¬ 
ties)  and  of  device/circuit  characteristics  (transis¬ 
tor  gains,  threshold  voltages,  turn-on  speed,  leak¬ 
age  currents,  noise  levels)  are  discussed  In  most 
standard  textbooks  (13-18).  Further,  the  Important 
role  of  temperature  in  rellability/wearout  issues 
(such  as  redistribution  of  dopants  and  diffusion  of 
impurities,  enhanced  electromigration,  contact  sta¬ 
bility,  dielectric  breakdown,  thermal  expansion 
strains,  and  so  on)  Is  addressed  in  many  confer¬ 
ences  and  journals  devoted  to  reliability  matters. 

Rather,  In  this  final  section,  we  confine  our  dis¬ 
cussion  of  temperature  effects  to  some  brief 
remarks  in  several  areas  where  there  is  a  close 
relationship  between  temperature  and  the  basic 
mechanisms  of  radiation  effects.  Our  discussion  is 
not  meant  to  be  exhaustive,  but  simply  to  provide  a 
feeling  for  the  kinds  of  temperature-related  effects 
that  bear  upon  radiation  response.  First,  wa  dis¬ 
cuss  some  examples  in  which  temperature  is  e 
major  physical  parameter  determining  the  radia¬ 
tion  response.  Then  we  consider  radiation-induced 
thermal  effects  and  synergistic  effects  of  com¬ 
bined  radiation  and  thermal  stresses.  Last  we  brief¬ 
ly  mention  the  reliability  problem  of  hot  carrier 
injection  in  MOSFET’s.  This  latter  problem  is  cur¬ 


rently  receiving  a  lot  of  interest,  and  even  though  It 
really  Is  more  of  a  high  field  problem  than  tempera¬ 
ture  related,  we  include  it  here  because  many  of 
the  electrical  effects  of  hot  carrier  injection  parallel 
those  resulting  from  irradiation. 

7.1  Effect  of  Temperature  on  Radiation 
Response 

The  first  point  we  make  here  Is  the  perhaps 
physically  Intuitive  one  that  increasing  the  temper¬ 
ature  generally  enhances  the  annealing  of  radia¬ 
tion  damage.  For  example,  at  higher  temperatures, 
the  short-term  recovery  in  MOS  devices  is  fester 
(see  fig.  14),  and  the  annealing  rate  of  long-term 
deeply  trapped  holes  Increases.  For  this  latter  ef¬ 
fect,  note  the  increased  recovery  of  AV*,  at  t25*C 
over  that  at  25  *C  m  fkjure  27.  Although  enhanced 
annealing  is  generally  beneficial,  it  mey  not  always 
bring  welcome  results,  as  also  Illustrated  by  fig¬ 
ure  27.  For  the  case  in  point,  the  response  data 
shown  in  figure  27  are  for  a  MOSFET  with  an  ap¬ 
preciable  radiation-induced  intetface  trap  density 
(AN*  =  AN*),  and  hence  there  is  a  large  rebound 
effect  (reversal  in  the  sign  of  AVy)  as  the  trapped 
holes  anneal.  So  in  this  case,  enhancing  the 
trapped  hole  anneal  brings  on  the  rebound  effect 
sooner,  and  if  a  sufficient  positive -go'ng  excursion 
of  Vr  can  result  in  circuit  failure,  then  figure  27  pre¬ 
dicts  the  faster  onset  of  this  failure  mode  at  higher 
temperature. 

The  second  point  we  want  to  make  is  a  further 
word  of  caution:  hardening  schemes  that  are  devel¬ 
oped  to  improve  the  radiation  response  of  a  circuit 


in  one  temperature  regime  (e.g.,  near  room  temper¬ 
ature)  may  utterly  fail  in  other  temperature 
regimes.  The  rebound  effect  serves  as  one  such 
example  if  at  room  temperature  one  is  depending 
on  interface  trap  buildup  to  offset  the  positive 
trapped  oxide  charge,  so  that  only  a  small  net 
change  is  produced  in  Vr.  Although  this  scheme 
may  work  over  some  considerable  time  regime  at 
room  temperature,  it  rapidly  falls  apart  at  elevated 
temperature.  Another  example  is  that  of  a  harden¬ 
ing  scheme  first  proposed  a  few  years  ago  to 
reduce  the  single-event-upset  rate:  that  of  placing 
appropriately  chosen  resistances  in  the  cross  cou¬ 
pling  links  of  a  static  memory  ceil  to  decrease  the 
circuit  response  time  and  thereby  reduce  the  sensi¬ 
tivity  of  the  cell  to  a  sudden  and  rapid  current  pulse 
[171].  Some  of  the  earlier  attempts  at  using  this 
scheme  employed  intrinsic  polycrystaiilne  silicon 
as  the  coupling  resistors.  However,  the  resistivity 
(or  conductivity)  of  an  intrinsic  bandgap  solid 
depends  upon  the  number  density  of  carriers  ther¬ 
mally  excited  across  the  energy  banagap,  and 
therefore  has  an  Arrhenius-type  temperature 
dependence  with  an  activation  energy  of  half  the 
bandgap  [13-15],  This  Is  clearly  shown  by  the  plot 
In  figure  70  of  the  resistance  of  an  Intrinsic  poiysll- 
icon  sample  versus  reciprocal  temperature  [172], 
in  which  an  activation  energy  of  0.59  eV  Is  Indi¬ 
cated,  as  expected  for  intrinsic  silicon.  The  point 
here  Is  that  If  the  resistance  value  Is  chosen  to 
reduce  the  SEU  error  rate  to  an  acceptable  level  at 
room  temperature,  then  it  may  be  far  off  the  mark 
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Figure  70.  Experimentally  measured  load  resistance  versus 
reciprocal  temperature  for  Intrlnslo  polyslllcon  resistor, 
indlcitlng  aotlvatlon  energy  of  0.98  eV  (172], 


to  insure  an  acceptable  SEU  error  rate  at  a  differ¬ 
ent  temperature.  Note,  for  example,  in  figure  70  the 
two  orders  of  magnitude  difference  in  the  resist¬ 
ance  values  between  27°  and  100°C.  The  problem 
associated  with  'ne  strong  temperature  depend¬ 
ence  of  intrinsic  polysilicon  resistivity  has  a  simple 
solution,  namely,  the  use  instead  of  doped  poly¬ 
silicon  material,  which  has  a  much  flatter  tempera¬ 
ture  dependence  [1 72]. 

Another  problem  also  originating  from  a  funda¬ 
mental  materials  property  and  which  is  not  so  eas¬ 
ily  soived  has  to  do  with  the  use  of  SiOj  MOS 
devices  at  low  (cryogenic)  temperatures.  There  is  a 
considerable  interest  in  such  applications  either  for 
CCD’s  or  for  normal  MOSFET  purposes.  The  advan¬ 
tage  of  low-temperature  MOSFET  applications  is 
Illustrated  by  the  subthreshold  \os-Vas  characteris¬ 
tics  [173]  shown  in  figure  71  for  an  NMOS  device  at 
two  temperatures,  300  and  77  K.  The  low- 
temperature  characteristic  Is  considerably  sharp¬ 
er,  implying  a  much  faster  and  sharper  turn-on  of 
the  device  at  77  K.  Furthermore,  at  cryogenic  tem¬ 
peratures,  CMOS  devices  are  essentially  Immune 
to  latchup,  carrier  mobilities  are  higher,  and  metal 
interconnects  have  lower  resistance. 

However,  In  spite  of  all  these  advantages  for 
low-temperature  operation  of  SiOj  MOSFET’s,  the 
catch  Is  that  severe  problems  arise  If  the  devices 
are  also  exposed  to  ionizing  radiation  at  low  tem¬ 
perature.  Indeed,  even  If  the  devices  were  super- 
hardened  for  room-temperature  operation  by  some 
special  processing  which  virtually  eliminates  all 
deep  hole  traps  and  interface  traps,  enabling  the 
device  to  continue  operating  after  exposure  to 
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ntl  NMOS  davlca  at  300  and  77  K  (1731. 
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many  Mrad(SIOi),  it  would  provide  no  advantage  at 
iow  temperatures — exposure  to  radiation  at  low 
temperature  would  still  result  In  the  maximum  pos- 
sible  threshold  voltage  shift,  that  given  by  equa¬ 
tion  (5)  of  section  3.3.1 .  In  effect,  one  is  up  against 
a  basic  material  property,  namely  the  effective  im¬ 
mobility  of  holes  in  SiOi  at  low  temperatures.  At 
these  temperatures  all  (Si03)  oxides  are  soft.  Refer¬ 
ring  back  to  figure  14,  we  see  that  for  a  typical 
operating  field  of  1  MV/cm,  virtually  no  recovery  in 
AV/j  takes  place  for  T  <?  140  K  on  a  time  scale  of 
thousanos  of  seconds.  The  holes  remain  frozen  In 
place  very  near  their  points  of  generation.  Now,  as 
the  field  Is  raised  beyond  ~3  MV/cm,  some  trans¬ 
port  does  occur  at  low  temperature  on  this  time 
scale,  as  figure  15  shows  tor  T  =  79  K.  In  this 
case,  almost  complete  recovery  is  attained  at  10s  s 
for  a  field  of  6  MV/cm.  However,  no  one  really  con- 
templaws  the  practical  use  of  MOS  devices  at 
these  kinds  of  fields. 

The  low-temperature  problem  in  SlQa  MOS 
devices  Is  further  illustrated  by  the  data  in  figure  72 
from  Srour  and  Chiu  [174],  showing  the  flatband 
voltage  shift  of  91 -nm  oxids  MOS  capacitors  at 
77  K  and  room  temperature,  as  a  function  of 
applied  gate  voltage  measured  1  hour  following 
10*  rad(SI)  exposure  to  Co*0  Irradiation.  The  oxide 
here  Is  relatively  hard  at  room  temperature,  having 
a  deep  hole  trapping  fraction  of  ~0.05;  however, 
the  greatly  Increased  hole  trapping  at  77  K  Is  ob¬ 
vious.  We  note  that  the  Initial  rapid  increase  In  AV,» 
at  77  K  with  applied  bias  (either  polarity)  reflects 
the  Increasing  yield  of  holes  (that  escape  Initial 
recombination)  with  oxide  field — see  figure  12.  The 
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turnaround  In  AVyj  beyond  ~  ±  20  V  Is  explained  by 
the  increasing  amount  of  hole  transport  occurring 
for  increasing  oxide  field  (compare  fig.  15),  with 
AVyi ,  -►  0  at  ±  50  V,  corresponding  to  an  oxide  field 
of  ~6  MV/cm.  The  principal  message  of  figures  72, 
14,  and  15  Is  that  there  Is  a  serious  problem  with 
the  use  of  SIO2  MOS  devices  at  low  temperature.  In 
practice,  either  alternative  insulators  must  be  used 
such  as  SI3N4,  or  some  special  low-temperature 
hardening  scheme  must  be  used,  which  may  in¬ 
volve  a  double-layer  oxide  structure  which  com¬ 
pensates  the  trapped  holes  by  also  trapping  elec¬ 
trons  very  efficiently  [175]. 

Before  we  go  on,  several  other  noteworthy 
points  can  be  made  about  the  data  In  figure  72. 
First,  the  virtually  zero  voltage  shift  under  negative 
applied  bias  at  room  temperature  supports  the 
assertion  that  most  of  the  deep  hole  trapping 
occurs  near  the  SIOa/SI  Interface  and  not  In  the 
SIOj  bulk.  Under  negative  bias,  the  holes  are  driven 
toward  the  gate  electrode,  where  they  may  also  be 
trapped,  but  then  they  have  little  effect  on  the  field 
at  the  SlQj/SI  Interface.  Second,  the  fall-off  in  AVy» 
at  room  temperature  with  Increasing  positive  polar¬ 
ity  probably  reflects  the  Eil/a  dependence  of  the 
hole-trapping  cross  section  (see  sect.  3.3.3),  but 
with  the  Increase  again  at  ~50  V  probably  due  to 
additional  holes  being  generated  by  Impact  ioniza¬ 
tion  events  at  this  high  field  [176],  Finally,  the  asym¬ 
metry  In  the  peak  of  AV/»  at  77  K  between  positive 
and  negative  polarity  has  been  attributed  by  sev¬ 
eral  authors  [20,35,78,174]  to  an  Initial  (Intrinsic) 
prompt  hole  transport  over  a  distance  of  ~10  nm, 
which  occurs  In  a  subnanosecond  time  frame 
before  the  holes  become  Immobilized  in  the  self- 
trapped  (polaron)  states.  This  effect  Is  not  so  Impor¬ 
tant  for  relatively  thick  oxides  (d#,  >  30  nm)  but 
should  be  very  Important  for  thin  oxides  where 
d„  ^  10  nm. 

7.2  Radiation-Induced  Heating  Effects 

We  now  discuss  some  effects  that  occur  when 
there  Is  appreciable  heating  of  a  material  Induced 
by  the  energy  deposition  associated  with  the  irradi¬ 
ation,  as  may  occur  with  a  hlgh-dose,  pulsed  radia¬ 
tion  exposure.  Obviously,  the  effects  associated 
with  Increased  temperature  that  we  have  Just 
discussed,  such  as  enhanced  annealing  of 
radiatlcn-induced  damage,  will  apply  equally  In 
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these  situations,  in  addition,  there  may  be  impor¬ 
tant  synergistic  effects  in  which  there  are  com¬ 
bined  radiation  and  thermally  induced  parameter 
changes.  In  the  simplest  situations,  in  which  the 
effects  are  just  additive,  we  may  indicate  the  com¬ 
bined  effect  schematicaiiy  with  the  equation 


Afeta/  —  bad  A thtrmal  ,  0  3) 

where  A  refers  to  the  change  in  some  physical 
quantity  and  the  subscripts  are  self-explanatory. 
Some  physical  quantities  for  which  equation  (13) 
may  apply,  at  least  in  some  limited  dose  and  tem¬ 
perature  ranges,  include  MOSFET  threshold  vol¬ 
tage,  bipolar  transistor  gain,  leakage  currents,  and 
circuit  noise  levels. 

As  just  one  case  in  point,  we  consider  the 
MOSFET  threshold  voltage.  In  section  3,  we  devote 
considerable  attention  to  radiation-induced  thresh¬ 
old  voltage  shifts.  However,  it  is  well  known  that  Vr 
also  changes  with  temperature,  an  effect  which  is 
discussed  in  most  textbooks  on  electronic  devices 
[13-16].  The  temperature  dependence  of  Vr  is 
shown  in  figure  73,  which  is  taken  from  Sze  [13]  fol¬ 
lowing  earlier  published  work  [177,178].  In  fig- 
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Figure  73.  Temperature  dependence  of  MOSFET  threshold 
voltage:  (a)  Experimental  measurement  of  threshold  vol¬ 
tage  versus  temperature  for  three  doping  densities,  (b>  Tem¬ 
perature  coefficient  of  Vr  versus  substrate  doping  with 
oxide  thlokneas  as  a  parameter  (13, 177, 178], 


ure  73a,  the  shift  in  Vr  relative  to  its  room  tempera¬ 
ture  value  for  a  MOSFET  with  a  gate  oxide  thick¬ 
ness  of  100  nm  is  plotted  against  temperature  over 
the  range  -50°  to  125°C  for  three  doping  densi¬ 
ties,  and  in  figure  73b  the  temperature  coefficient 
of  Vr  at  room  temperature  (dVr/dT)  is  plotted  ver¬ 
sus  substrate  doping  density  with  oxide  thickness 
as  a  parameter  in  the  range  from  0.05  to  1  jim. 
These  plots  are  based  on  the  temperature  depen¬ 
dencies  of  parameters  that  go  into  the  standard 
expression  for  Vr.  We  make  the  following  point  con¬ 
cerning  figure  73:  note  that  Mr  shifts  negatively 
with  increasing  temperature.  Suppose  for  the  sake 
of  argument  that  the  higher  substrate  doping  sam¬ 
ple  (3  x  1016  cm"3)  in  figure  73(a)  received  a  radia¬ 
tion  pulse  that  induced  a  voltage  shift  of  -  0.5  V 
(after  the  hole  transport  phase)  and  that  because  of 
the  energy  deposition  by  the  pulse,  the  tempera¬ 
ture  of  the  MOSFET  rose  by  100°C  (from  ~25°  to 
~125°C);  then  there  would  be  an  additional 
negative  shift  in  Vr  of  ~  -  0.5  V,  producing  a  total 
shift  due  to  the  combined  radiation  and  thermal  ef¬ 
fects  of  -1.0  V. 

Another  radiation-induced  heating  effect  that 
has  received  a  fair  amount  of  practical  attention  is 
the  so-called  thermomechanical  shock  problem 
[179-182].  This  effect  occurs  under  conditions  of 
very  rapid  energy  deposition  (high  fluence,  pulsed 
irradiation),  where  the  pulsewidth  of  the  irradiation 
is  less  than  the  acoustic  relaxation  time,  which  is 
essentially  the  time  required  for  a  sound  wave  to 
traverse  the  region  of  energy  deposition  (the  time 
required  for  relaxation  of  thermally  induced  strains 
associated  with  the  rapid  heating).  In  effect,  propa¬ 
gating  stress  waves  can  originate  from  regions 
having  large  gradients  in  the  thermally  induced 
internal  pressure.  In  practice,  large  stress  gra¬ 
dients  can  be  produced  in  regions  near  boundaries 
between  dissimilar  materials,  especially  between 
materials  with  large  differences  in  their  atomic 
numbers  (high-2/low-Z  boundaries),  so  that  there  is 
a  large  difference  In  the  energy  deposition  (and 
hence  internal  pressure)  on  the  two  sides  of  the 
boundary.  The  stress  waves  originating  from  such 
regions  can  propagate  through  solid  systems  (1C 
chips),  producing  damage  such  as  broken  contact 
and  die  bonds  and  chip  fracture, 

A  simple  schematic  Illustrating  the  generation 
of  thermomechanical  stress  waves  is  shown  In 
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figure  74,  where  we  consider  a  single  material  slab 
sample  (infinite  extension  in  y  and  z)  having  a  free 
surface  boundary  (with  air  or  vacuum)  on  which  a 
short  pulse  of  radiation  is  incident.  Associated  with 
the  irradiation  is  an  energy  deposition  profile  AE(x) 
extending  into  the  bulk  of  the  sample  from  the  sur¬ 
face,  as  indicated  in  the  top  diagram  of  figure  74  for 
time  t  =  0*.  Along  with  the  local  increase  in  inter¬ 
nal  energy  of  the  solid,  there  is  a  corresponding 
local  temperature  rise  AT(x)  related  to  AE(x)  through 
the  specific  heat  at  constant  volume  Cv  and  the 
density  q.  We  assume  that  the  pulsewidth  rp  of  the 
radiation  is  much  less  than  the  acoustic  relaxation 
time,  which  in  this  case  is  just  IN,,  where  i  is  the 
spatial  extent  of  the  energy  deposition  and  v,  is  the 
velocity  of  sound  in  the  material.  Then,  because  the 
material  sample  wants  to  expand  with  increasing 
temperature,  there  will  be  an  induced  Internal 
pressure  rise  AP(x),  which  is  proportional  to  AE(x) 
via  the  Griineisen  parameter  f\  This  parameter  is 
the  thermodynamic  quantity  defined  as  the  partial 
derivative  of  internal  pressure  with  respect  to  inter¬ 
nal  energy  at  constant  volume.  As  indicated  in 
figure  74,  r  can  be  expressed  in  terms  of  other 
measured  physical  quantities:  the  volume  coeffi¬ 
cient  of  thermal  expansion  j3,  the  isothermal  com¬ 
pressibility  Kr,  the  specific  heat  Cv,  and  density  g. 
If  cgs  units  are  used— AE(x)  in  units  of  ergs/cm3 
and  AP(x)  in  dynes/cm2— then  typical  Griineisen 
values  are  on  the  order  of  unity. 

Now,  the  pressure  at  a  free  surface  must  be 
zero,  so  that  at  t  =  0*  in  this  simple  example,  a 


SIMPLE  EXAMPLE  OF  MATERIAL  SAMPLE  WITH  FREE  SURFACE  BOUNDARY 
(AIR  OR  VACUUM) 


ENERGY  DEPOSITION  PROFILE  AE(X) 


TEMPERATURE  RISE  AT(X)  =  —  AE(X) 


INDUCED  INTERNAL  PRESSURE 
(FOR  T,  «  l/v,) 

AP(X)  -  TAE(X) 

WHERE 

T  “  6R0NE1SEN  PARAMETER 


Figure  74.  Thermomeohanicel  stress  generation  at  free  sur¬ 
face  boundary  of  material  sample  due  to  pulsed  energy 
deposition,  Indicating  initial  Internal  pressure  profile  and 
subsequent  propagating  stress  wave. 


stress  discontinuity  occurs  at  the  boundary,  or 
rather,  more  realistically  for  a  finite  pulsewidth, 
there  is  a  large  stress  gradient  in  the  surface 
region  of  the  sample.  In  effect,  the  surface  expands 
outwardly  to  relieve  the  internal  pressure,  and  the 
net  result  is  a  propagating  stress  wave  indicated 
schematically  by  the  bottom  diagram  in  figure  74 
for  some  time  t  >  0.  Note  that  it  has  both  compres¬ 
sive  and  tensile  components,  with  the  tensile  com¬ 
ponent  originating  from  the  reflection  of  a  leftward¬ 
going  compressive  wave  at  the  surface.  Obviously 
the  region  between  the  compressive  and  tensile 
peaks  is  one  of  high  dynamic  strain.  In  the  elastic 
(low  stress)  limit,  the  wave  propagates  at  the  veloc¬ 
ity  of  sound. 

A  very  important  point  in  discussing  thermo¬ 
mechanical  shock  effects  in  military  systems  is  the 
following:  failures  are  due  to  complex  multi¬ 
dimensional  interactions.  In  the  late  60’s  and  early 
70’s,  many  researchers  found  that  thermo¬ 
mechanical  shock  effects  could  not  be  modeled 
adequately  using  one-dimensional  slab  geometries. 
They  were  forced  to  two-  and  three-dimensional 
analysis  to  have  any  realistic  hope  of  modeling  ac¬ 
tual  failure  mechanisms.  Although  many  authors 
reached  similar  conclusions  at  about  the  same 
time,  we  cite  only  a  single  example  [183].  This  work 
shows  that  even  for  a  monolithic  disk,  the  largest 
mechanical  stress  occurs  when  the  radial  wave 
propagating  in  from  the  edge  of  the  sample 
reaches  the  center.  That  is,  even  for  a  very  simple 
structure,  the  two-dimensional  effects  are  critical. 
Of  course,  structures  of  real  Interest  are  even  more 
complicated,  since  they  are  seldom  cylindrical  and 
they  have  multiple  Interfaces  between  different 
materials.  For  simplicity,  In  our  discussion  we  have 
illustrated  some  of  the  basic  Ideas  using  one- 
dimenslonal  geometry;  but  a  realistic  and  detailed 
treatment,  which  we  do  not  pursue  here,  becomes 
exceedingly  complex. 

7.3  Hot  Carrier  Injection  In  MOSFET’s 

The  last  topic  that  we  very  briefly  discuss  In  this 
section  Is  that  of  hot  carrier  Injection  In  MOSFET’s. 
As  mentioned  at  the  beginning  of  the  section,  this  Is 
an  Important  reliability  problem  associated  with  the 
long-term  operation  of  MOS  circuits,  and  It  Is 
receiving  much  attention  at  present  from  the  elec¬ 
tron  device  and  1C  communities.  It  is  not  really  a 
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temperature  problem  per  se,  but  rather  it  is  caused 
by  high-fieid  heating  of  the  carriers  moving  in  the 
channel  of  a  MOSFET.  The  process  is  indicated 
schematically  by  the  diagram  in  figure  75  for  an 
n*channel  device  [184].  As  the  channel  carriers — 
electrons  in  this  case — move  along  the  channel  in 
response  to  the  drain  potential  Vd,  they  encounter  a 
high-field  region  at  the  end  of  the  channel  in  the 
drain  depletion  region.  This  high-field  region  rapidly 
accelerates  the  electrons,  causing  a  large  increase 
in  their  effective  temperature  in  this  region  and 
some  (small  fraction)  of  these  hot  electrons  will  be 
Injected  following  a  scattering  event  into  the  gate 
oxide,  where  they  will  drift  toward  the  gate  elec¬ 
trode  (for  positive  gate  bias).  In  addition,  there  will 
be  impact  Ionization  of  additional  electron/hole 
pairs  In  the  high-field  drain-depletion  region,  which 
results  in  a  substrate  hole  current  avs  indicated  In 
figure  75.  This  substrate  hole  current  has  been 
found  to  be  approximately  linearly  proportional  to 
the  injected  electron  current  In  the  oxide  [185]. 

The  basic  problem  associated  with  the  Injection 
of  hot  carriers  Into  the  oxide  is  that  It  Induces 
charging  of  the  gate  oxide,  In  a  manner  analogous 
to  that  due  to  Ionizing  Irradiation,  and  therefore  like¬ 
wise  results  in  threshold  voltage  shifts  and  trans¬ 
conductance  degradation,  in  the  cass  of  hot  elec¬ 
tron  Injection  (which  Is  a  far  greater  problem  than 
hot  hole  Injection),  the  charging  effects  are  due  to 
electron  trapping  In  the  oxide  bulk  (which  causes 
positive  threshold  voltage  shifts)  and  to  the  genera¬ 
tion  of  Interface  traps  near  the  drain  end  of  the 
channel.  The  main  ;.lifei«nce  between  this  case 
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Flour*  75.  Schematic  diagram  arrowing  process  o»  hot  elec- 
tron  Injection  In  n-channal  MOSFET  (184). 


and  radiation-induced  charging  is  that  for  the  radia¬ 
tion  case  it  is  hole  trapping  near  the  SlOj/Si  inter¬ 
face  that  is  of  concern  and,  in  addition  for  radiation, 
the  interface  traps  are  generated  all  along  the 
channel. 

The  hot-eiectron-lnduced  charging  of  oxide 
films  is  illustrated  by  the  data  shown  In  figures  76 
and  77  [186].  The  injected  electrons  for  these  data 
were  produced  by  avalanche  Injection  of  electrons 
into  the  gate  oxide  of  MOS  capacitor  structures 
fabricated  on  p-type  Si  substrates.  Figure  76  shows 
the  flatband  voltage  shift  as  a  function  of  injection 
time  for  several  values  of  injected  current  levels, 
and  as  a  function  of  total  accumulated  injected 
charge,  F*.  Figure  77  shows  the  decomposition  of 
the  oxide  charge  Into  the  bulk  electron  trapping  Q* 


Figure  *8.  Oxidr  charging  produced  by  avelanch*  injection 
of  electron*  into  oxide  layer  of  MOS  capacitor:  (a)  Flatband 
voltage  shift  versus  injection  time  at  several  Curran'  levels, 
(b)  Sam*  dr.la  plotted  versus  Injected  licence  (iSb). 
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and  interface  trapped  charge  Q«,  where  the  inject¬ 
ed  electron  fluence  was  taken  out  to  much  greater 
levels  than  for  figure  76.  Note  thejurnaround  in  net 
oxide  charge  in  this  case  for  fA  0.1  C/cm2. 

We  do  not  go  into  any  greater  discussion  of  the 
hot  carrier  injection  problem,  except  to  end  with  a 
few  general  comments.  First,  the  problem  be¬ 
comes  more  critical  as  device  dimensions  are 
scaled  down  and  operating  electric  fields  increase. 
Second,  in  a  fashion  reminiscent  of  the  enhanced 
hole  trapping  in  Si02  films  at  low  temperature,  the 
injection  of  hot  electrons  is  actually  enhanced  at 
low  temperature  (77  K)  [173].  This  Is  due  to  longer 
mean  free  paths  at  lower  temperature  for  lattice 
(phonon)  scattering,  which  leads  to  a  greater  effec¬ 
tive  electron  temperature  (greater  average  energy 
imparted  to  the  channel  electrons).  Third,  with 
respect  to  radiation  effects,  for  anticipated  long¬ 
term  use  of  a  circuit,  it  Is  Important  that  any 
radiation  hardening  effort  also  be  compatible  with 
minimizing  hot-carrier-induced  degradation  [187]. 
Finally,  also  in  this  regard,  there  should  be  studies 
carried  out  which  will  establish  whether  radiation 


damage  has  any  effect  upon  hot  carrier  injection, 
i.e.,  whether  radiation-induced  charging  may 
enhance  the  injection. 


4  x  10"7 


Figure  77.  Net  oxide  charge  density  separated  Into  bulk 
oxide  trapped  charge  (CM  and  interface  trapped  charge 
(Qi.)  [186]. 
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8.  Concluding  Comment 


In  this  discussion  we  have  attempted  to  give  an 
overview  of  the  basic  physical  processes  which 
determine  the  radiation  response  of  electronic 
devices  and  materials.  Although  basic  radiation 
effects  physics  remains  a  very  active  research 
area  with  many  Important  unresolved  questions, 
we  wish  to  conclude  by  emphasizing  that  mecha¬ 
nisms  research  has  successfully  answered  many 
questions  concerning  some  difficult  problems.  For 
example,  the  prediction  of  the  postirradiation  re¬ 
sponse  of  MOS  devices  has  sometimes  been  re¬ 
garded  as  an  impossible  task  because  of  the  wide 
range  of  observed  responses.  However,  as  we 
highlighted  in  section  3,  the  complexity  of  the  re¬ 
sponse  exists  because  a  number  of  different  proc¬ 
esses  with  different  characteristic  time  scales  con¬ 
tribute  to  the  overall  response,  and  it  is  difficult  to 
know  a  priori  how  much  effect  each  one  will  have. 


However,  if  the  observed  response  can  be  broken 
down  into  the  component  processes  which  can  be 
treated  separately  to  some  extent,  then  the  overall 
response  problem  becomes  much  more  manage¬ 
able.  By  making  effective  use  of  the  accumulated 
mechanisms  knowledge  of  the  basic  processes, 
accurate  postirradiation  response  predictions  can 
usually  be  made  with  only  a  relatively  simple  set  of 
measurements.  In  such  a  manner  a  certain  amount 
of  order  and  understanding  can  often  be  made  of  a 
complex  and  often  confusing  picture. 
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AFIT/ENP 

ATTN  M.  J.  SABOCHICK 
WRIGHT-PATTERSON  AFB,  OH  45433 

AIR  FORCE  WEAPONS  LAB 
ATTN  R.  J.  MAIER 
ATTN  K.  K.  HUNT,  AFWL/NTCT 
ATTN  0.  S.  JOLLY,  AFW/NTCTR 
KIRTLAND  AFB,  NM  87117-6008 


THE  AEROSPACE  CORP  (oont’d) 
ATTN  T.  C.  ZIETLOW,  M2/244 
PO  BOX  92957 
LCS  ANGELES,  CA  90009 

ARACOR 

ATTN  L.  J.  PALKUTI 
425  LAKESIDE  DR 
SUNNYVALE,  CA  94086 

AT&T  BELL  LABS 
ATTN  L.  MANCHANDA 
6001  MOUNTAIN  AVE 
MURRY  HILL,  NJ  07974 

AT&T  BELL  LABS 
ATTN  R.  L.  REMKE 
PO  BOX  13566 
READING,  PA  19607 

JAMES  T.  BLANDFORD 
CONSULTANT 

ATTN  JAMES  T.  BLANDFORD 
10  CERRITO 
IRVINE,  CA  92715 

BOEING  ELECTRONICS 
ATTN  A.  JOHNSTON 
ATTN  BOR- YEN  MAO 
PO  BOX  24969 
SEATTLE,  WA  98125 

BOEINO  AEROSPACE  CO 
ATTN  T.  CRISWELL 
PO  BOX  3999 
SEATTLE,  WA  98124 

BOEING  AEROSPACE  CO 
ATTN  ITSU  ARIMUR\ 

6045  86TH  SE  501-369 
MERCER  ISLAND,  WA  98040 


NASA/GODDARD  SPACE  FLIOHT  CTR 
ATTN  CODE  311,  J,  W.  APOLPHSEN 
ATTN  CODE  313,  V.  DANCHENKO 
ATTN  CODE  633,  E.  0.  STASSINOPOULOS 
OREENBELT,  MD  20771 

NASA  HEADQUARTERS 

ATTN  M.  M.  SOKOLOSKI 

NASA  HEADQUARTERS,  DC  20546 

THE  AEROSPACE  CORP 
ATTN  CHARLES  BARNES,  M2-244 
ATTN  P.  BUCHMAN,  M4/996 
ATTN  R.  KOOA,  M2-259 
ATTN  N.  SRAMEK,  M4/989 
ATTN  K.  T.  WILSON,  M4/989 


BOEINO  AEROSPACE 
ATTN  P.  R.  MEASEL 
9510  NE  5TH  ST 
BELLEVUE,  WA  98004 

BOOZ  ALLEN  HAMILTON 
ATTN  P.  E.  DsBOY 
ATTN  J.  TERRELL 
ATTN  R.  E.  MoCOSKEY 
4330  EAST  WEST  HWY  S623 
SSTHESDA,  MD  20814 
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CEA  (FRANCE) 

ATTN  l.  J.  LUC 

CENTRE  D-ETUDE-S  DE  BRUYERES- 

LE-CHATEL  FB  12 

BRUYERS  LE  CTL  91680  FRANCE 

CENTRAL  RESEARCH  LAB-HATACHI 
1-280 

ATTN  TAKAHIRO  OKABE 
TOKYO  185  JAPAN 

CIMSA  SINTRA 

ATTN  J.  PINEL 

AYE  du  GENERAL  EISENHOWER 

BP  1009 

31023  TOULOUSE  CEDEX  FRANCE 
COMSAT 

ATTN  A.  MEULENBERG 
CLARKSBURG,  MD  20855 

CONTROL  DATA  CORP 
ATTN  D.  M.  NEWBERRY 
2300  E  88TH  ST 
BLOOMINGTON,  MN  55420 

G.  C.  MESSENGER 
CONSULTANT 
3111  BEL  AIR  DR  7F 
LAS  VEGAS,  NV  89109 

DARPA/DSO 
ATTN  S.  A.  ROOSILD 
2027  LAKEBREEZE  WAY 
RESTON,  VA  22091 

FULMER  RESEARCH  LABS 
ATTN  A.  HOLMES-SIEDLE 
STOKE  POGES 

SLOUGH  BERKS  SL2  4QD  ENGLAND 

GE  AEROSPACE 
ATTN  J.  L.  ANDREW 
PO  BOX  8555  Ml  21 1 
PHILADELPHIA,  ?A  19101 

GENERAL  ELECTRIC 
ATTN  D.  TASCA 
PO  BOX  8555  ROOM  Ml  21 1 
PHILADELPHIA,  PA  19101 

GENERAL  ELECTRIC  CH&D 
ATTN  H.  H.  WOODBURY 
PO  BOX  8  KW-B31  *1 
SCHENECTADY,  NY  12301 

GENERAL  ELECTRIC 
ATTN  J.  BLACK 
3395  TARLETON  EAST 
DURHAM,  NC  27713 


(cont'd) 

HAHN  MEITNER  INSTITUT 
ATTN  D.  BRAUNIG 

GLIENICKER  3TR.100  PO  BOX  27255 
1000  BERLIN  39  CA  GERMANY 
GERMANY  030-8009249* 

HARRIS  SEMICONDUCTOR 
ATTN  J.  C.  LEE 
PO  BOX  883  MS54-102 
MELBOURNE,  FL  32902 

HARRIS  SEMICONDUCTOR 
ATTN  W.  H.  SPEECE 
PO  BOX  883  H/S  54-103 
MELBOURNE,  FL  32901 

HARRIS  SEMICONDUCTOR 
ATTN  J.  B.  LONG 
PO  BOX  883  MS  53/210 
MELBOURNE,  FL  32901 

HARRIS  CORPORATION 
ATTN  J.  E.  3CHR0EDER 
PO  BOX  94000 
MELBOURNE,  FL  32902 

HARRIS  SEMICONDUCTOR 
ATTN  R.  D.  CHERNE 
ATTN  J.  BULLER 
PO  BOX  883  M/S  54-105 
MELBOURNE,  FL  32901 

HARRIS  GASD 

ATTN  WAYNE  E.  ABARE 

335  MEADOWWOOD  LN  DIV.  2147 

W.  MELBOURNE,  FL  32904 

HONEYWELL 

ATTN  J.  W.  SCHRANKLER 
12001  ST  HWY  55 
PLYMOUTH,  MN  55441 

HONEYWELL 

ATTN  J.  J.  SILVER 

1150  E.  CHEYENNE  MTN  BLVD 

COLORADO  SPRINGS,  CO  80906 

HONEYWELL  SYSTEMS  &  RESEARCH  CTR 
ATTN  D.  F.  BERNDT 
335  PINEVIEW  LANE  N 
PLYMOUTH,  MN  55441 

HONEYWELL  SYSTEMS  &  RESEARCH  CENTER 
ATTN  R.  A.  BELT 
17835  18TH  CIRCLE 
PLYMOUTH,  MN  55447 
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HONEYWELL,  INC 
ATTN  R.  RABE 
SSEP-MS/1 4-201 5 
12001  STATE  HWY  55 
PLYMOUTH,  MN  55441 

HONEYWELL,  INC 
ATTN  A.  P.  JOHNSON 
2600  RIDGEWAY  PKWY 
MN1 7-2341 

MINNEAPOLIS,  MN  55413 

HUGHES  AIRCRAFT  CORP 
ATTN  K.  G.  AUBUCHON 
ATTN  A.  OCHOA 
6155  EL  CAMINO  REAL 
CARLSBAD,  CA  92008 

HUGHES  AIRCRAFT 
ATTN  D.  BINDER 
PO  BOX  92919 
LOS  ANGELES,  CA  90009 

IBM 

ATTN  N.  HADDAD 
ATTN  A.  EDENFELD 
ATTN  T.  F.  MAHAR,  JR. 

ATTN  B.  A.  POSEY 
ATTN  L.  R.  ROCKETT 
ATTN  T.  M  SCOTT 
ATTN  S.  M.  TYPSON 
9500  GODWIN  DR 
BLDG  867/1  B 
MANASSAS,  VA  22110 

ICS  RADIATION  TECH 
ATTN  M.  GAUTHIER 
8416  FLORENCE  AVE  #2C5 
DOWNEY,  CA  90240-3919 

IRT 

ATTN  J.  C.  PICKEL 

ATTN  N.  J.  RUDIE 

101  S  KRAMER  BLVD  SUITE  132 

PLACENTIA,  CA  27514 

IRT  CORP 

ATTN  J.  C.  AZAREWICZ 
ATTN  J.  W.  HARRITY 
ATTN  M.  A.  ROSE 
ATTN  J.  M.  WILKINFELD 
PO  BOX  85317 
SAN  DIEGO,  CA  92138 

IRT  CORP 

ATTN  T.  A.  MARTIN 

1364  BEVERLY  RD  STE  101  • 

MOLEAN,  VA  22101 


(cont'd) 

JAYCOR 

ATTN  P.  G.  COAKLEY 
ATTN  R.  E.  LEADON 
ATTN  W.  SEIDLER 
11011  TORREYANA  RD 
PO  BOX  85154 
SAN  DIEGO,  CA  92138 

JAYCOR 

ATTN  S.  C.  ROGERS 
2811  WILSHIRE  BLVD  #690 
SANTA  MONICA,  CA  90272 

JPL- CALTECH 
ATTN  P.  A.  ROBINSON 
ATTN  J.  W.  WINSLOW 
4800  OAK  GROVE  DR 
PASADENA,  CA  91109 

JET  PROPULSION  LAB 

ATTN  M.  G.  BUEHLER 

ATTN  J.  COSS 

ATTN  D.  K.  NICHOLS 

ATTN  W.  E.  PRICE 

ATTN  W.  STACKHOUSE 

ATTN  J.  A.  ZOUTENDYK 

4800  OAK  GROVE  DR  MS  180-202 

PASADENA,  CA  91109 

KAMAN  SCIENCES  CORP 
ATTN  E.  E.  CONRAD 
1 91 1  JEFFERSON  DAVIS  HWY 
SUITE  1200 

ARLINGTON,  VA  22202 

KAMAN  TEMPO 
ATTN  B.  A.  ALFONTE 
2560  HUNTINOTON  AVE 
SUITE  500 

ALEXANDRIA,  VA  22303 

LOCKHEED 
ATTN  J.  S.  SMITH 
5321  HANOVER  ST 
LOCKHEED  RES  LAB 
PALO  ALTO,  CA  94034 

LOS  ALAMOS  NAT  LAB 
ATTN  R.  S.  WAONER 
LOS  ALAMOS,  NM  87545 

MARTIN  MARIETTA  LABS 
ATTN  S.  P.  BUCHNER 
1450  SOUTH  ROLLING  RD  4N-424 
BALTIMORE,  MD  21227 
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MATRA  AEROSPACE 

ATTN  P.  GAUTIER 

37  ave  LOUIS-BREGUET  B.P.1 

781 46  VELIZY-VILLACOUBLAY  CEDEX 

FRANCE  33-1-39469600 

MCDONNELL  DOUGLAS 
ATTN  R.  ZULEEG 
5301  BOLSA  AVE  MS  28 
HUNTINGTON  BEACH,  CA  92647 

MISSION  RESEARCH  CORP 
ATTN  F..  A.  BURKE 
11  INDIAN  HILL  RD 
WOBURN,  MA  01801 

MISSION  RESEARCH  CORP 
ATTN  D.  R.  ALEXANDER 
ATTN  R.  L.  PEASE 
1720  RANDOLPF  RD 
ALBUQUERQUE,  NM  87106 

MISSION  RESEARCH  CORP 
ATTN  A.  H.  KALMA 
4935  N  30TH  ST 
COLORADO  SPRINGS,  CO  80919 

MISSION  RESEARCH  CORP 
ATTN  J.  P.  RAYMOND 
ATTN  D.  P.  SNOWDEN 
ATTN  V.  A.  J.  VAN  LINT 
5434  RUFFIN  RD 
SAN  DIEGO,  CA  92123 

MYERS  ANO  ASSOCIATES 
ATTN  D.  K.  MYERS 
16415  RUSTLING  OAK 
MORGAN  HILL,  CA  9503? 

NATIONAL  BUREAU  OF  STANDARDS 
ATTN  H.  3.  BENNETT,  ROOM  B310 
ATTN  T.  J.  RUSSEL 
ATVN  S.  M.  SELTZER,  536,01 
ATTN  J,  S.  SUHLE,  B308 
BLDO  225 

GAITHERSBURG.  HD  20893 

NATIONAL  SEMICONDUCTOR 
ATTN  F.  C,  JONES 
ATTN  P.  HON ALLY 
112  8ELHAVEN  DR 
LOS  OATO,  CA  95030 

NORTHROP  RESEARCH  t  TECH  CTR 

ATTN  A.  BAHARMAN 

ATTN  K.  KITAZAKI 

ATTN  N.  M.  MORIWAKX 

ATTN  Z.  3HANFIELD 


(cont'd) 

NORTHROP  RESEARCH  &  TECH  CTR 
(cont'd) 

ATTN  J.  SROUR 

ONE  RESEARCH  PARK  0365 /T60 
PALOS  VERDES  PENINSU,  CA  90274 

NORTHROP  ELECT 
ATTN  E.  KING 
2301  W  120TH  ST 
HAWTHORNE,  CA  90250 

NORTHROP  ELECTRONICS  DIV 
ATTN  G.  E.  DAVIS 
321  19TH  ST,  "B" 

MANHATTEN  BEACH,  CA  90266 

OAK  RIDGE  NAT  LAB 
ATTN  R.  H.  RITCHIE 
OAK  RIDGE,  TN  37830 

OUSDA  (R/AT)  (CET) 

ATTN  LTC  H.  BROWN 
ATTN  COL  W.  FREESTONE 
ATTN  B.  SUMNER 
PENTAGON  KAIL  ROOM  3D-1 39 
1211  FERN  ST 
WASHINGTON,  DC  20310 

.  _  PHYSICON 

ATTN  J.  D.  HARPER 

3225  BOB  WALLACE  AVE  SUIT  I 

HUNTSVILLE,  AL  35805 

PHYSICON  INC 
4TTN  T.  G.  HENDERSON 
10303  MELANIE  DR 
-  HUNTSVILLE,  AL  35803 

RAYTHEON  MICROELECTRONICS  CTR 
ATTN  S.  L.  KANE 
358  LOWELL  ST  MC  54 
ANDOVER,  MA  01810 

RAYTHEON  CO 
ATTN  H.  FLESCHER 
12  ORAN ISON  RD 
WESTON,  HA  02193 

RCA 

ATTN  T.  E.  SULLIVAN 
ATTN  H.  VELORIC 
RT  202  MZ1 1 3 
SOMERVILLE,  NJ  08876 

RCA  MICROELECTRONICS  CTR 
ATTN  J.  E.  SAULTZ 
ATL  BLDG  145-3  ROUTE  38 
HOORESTOWN,  NJ  08057 
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RCA  ASTRO 
ATTN  G.  BRUCKER 
PO  BOX  800  41 0-2-C-1 9 
PRINCETON,  NJ  08543-0800 

RCA  CORP 

MOORESTOWN  CORP  CENTER 
ATTN  J.  S.  PRIDMORE 
ATL  BLDG 

MOORESTOWN,  NJ  08057 

R&D  ASSOCIATES 
ATTN  G.  M.  SAFONOV 
PO  BOX  9695  BLDG  870 
MARINA  del  REY,  CA  90295 

R&D  ASSOCIATES 
ATTN  F.  COPPAGE 
PO  BOX  9335 

ALBUQUERQUE,  NM  87119 

REC  ELECTRONICS  INC 
ATTN  R.  E.  CONKLIN 
114  WAYNE  DR 
FAIRBORN,  OH  45324 

RESEARCH  TRIANGLE  INSTITUTE 
ATTN  M.  SIMONS 
PO  BOX  12194 

RESEARCH  TRIANGLE  PARK,  NC  27709 

SACHS/FREEMAN  ASSOC 
ATTN  LEON  S.  AUGUST 
6920  BAYLOR  DR 
ALEXANDRIA,  VA  22307 

SAIC 

ATTN  J.  SPRATT 

2615  PAC  COAST  HWY  #300 

HERMOSA  BEACH,  CA  90254 

SAIC 

ATTN  D.  MILLWARD 
ATTN  D.  LONG 

102290  SORRENTO  VALLEY  RD 
SAN  DIEGO,  CA  92121 

SANDIA  NATIONAL  LAB 
ATTN  DIV.  1233,  W.  BEEZHOLD 
ATTN  DIV.  1232,  D.  E.  BEUTLER 
ATTN  DIV  7252,  D.  W.  BUSHMIRE 
ATTN  DEPT  2120,  W.  R.  DAWES,  JR. 
ATTN  DIV  2144,  P.  V.  DRESSENDORFER 
ATTN  DIV  2147,  D.  M.  FLEETWOOD 
ATTN  DIV  2126,  J.  E.  GOVER 
ATTN  B.  L.  GREGORY 
ATTN  DIV  113,  R.  C.  HUGHES 
ATTN  ORQ  2151,  W.  C.  LOVEJOY 
ATTN  DIV.  2144,  J.  D.  MoBRAYER 
ATTN  DIV.  2146,  P.  J.  MoWHORTER 


SANDIA  NATIONAL  LAB  (cont'd) 
ATTN  DIV  2144,  J.  R,  SCHWANK 
ATTN  DIV  2142,  F.  W.  SEXTON 
ATTN  H.  T.  WEAVER 
ATTN  DIV  2146,  P.  S.  WINOKUR 
ATTN  DIV  2126,  T.  F.  WR03EL 
PO  BOX  5800 

ALBUQUERQUE,  NM  87185 

DAVID  SARNOFF  RESEARCH  CTR 
ATTN  G.  W.  CULLEN,  CN5300 
ATTN  R.  K.  SMELTZER 
ATTN  K.  SCHLESIER,  CN5300  3-079 
PRINCETON,  NJ  07543-5300 

SDIO/T/IS 
ATTN  J.  IONSON 
ATTN  K.  WU 
ATTN  LTC  M.  KEMP 
ATTN  LTC  R.  GAJEIRSKI 
THE  PENTAGON 

WASHINGTON,  DC  20301-7100 

SIMTEK  CORP 

ATTN  G.  DERBENWICK 

1626  VICKERS  DR 

COLORADO  SPRINGS,  CO  80918 

SPIRE 

ATTN  B.  BUCHANAN  < 

PATRIOTS  PARK 
BEDFORD,  MA  01730 

STANDARD  OIL  CO  RESEARCH  CTR 
ATTN  H.  SCHER 

4440  WARRENSVILLE  CENTER  RD 
CLEVELAND,  OH  44128 

TELEDYNE  SYSTEMS  CO 
ATTN  J.  H.  SOKOL 
M/S  16 

NORTHRIDGE,  CA  91304 

TELEDYNE  BROWN  ENGINEERING 
ATTN  H.  A.  HARDT 
704  CORLETT  DR 
M/S  47 

HUNTSVILLE,  AL  35802 

TEXAS  INSTRUMENTS 
ATTN  T.  F.  CHEEK,  JR 
PO'  BOX  660246  M/S  3145 
DALLAS,  TX  75266 

TEXAS  INSTRUMENTS 
ATTN  M.ISHEL  MATLOUBIAN 
PO  BOX  65501 2  MS  944 
DALLAS,  TX  75265 
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TEXAS  INSTRUMENTS  . 

ATTN  R.  SUNDARESAH 
MS  9144  PO  BOX  655621 
DALLAS,  TX  75040 

TEXAS  INSTRUMENTS 
ATTN  L,  R.  HITE 
PO  BOX  655621  MS369 
DALLAS,  TX  75252 

TEXAS  INSTRUMENTS 
ATTN  T.  HOUSTON 
627  OPAL  LN 
-  RICHARDSON,  TX  75080 

TEXAS  INSTRUMENTS 
ATTN  G.  A.  BROWN 
1512  RIDOEVISW  DR 
ARLINGTON,  TX  76012 

TEXAS  INSTRUMENTS,  INC 
ATTN  F.  W.  POBLENZ 
1923  DEEP  VALLEY  DR 
RICHARDSON,  TX  75080 

TEXAS  INSTRUMENTS,  INC 
ATTN  W.  BAILEY 
PO  BOX  655,621 
DALLAS,  TX  75265 

TRW 

ATTN  A.  A.  WITTELES 
6908  VERDE  RIDGE  RD 
PALOS  VERDES,  CA  90274 

TRW 

ATTN  DAVID  W.  ALEXANDER 
416  THE  TERRACE  #4 
REDLANDS,  CA  92373 

TRW 

ATTN  M.  HOPKINS 

ONE  SPACE  PARK  MSI  34/8822 

REDONDO  BEACH,  CA  90278 

TRW 

ATTN  JAMES  S.  CABLE 
ONE  SPACE  PARK  D1  /1 302 
REDONDO  BEACH,  CA  90278 

TRW 

ATTN  MILTON  ASH 

ONE  SPACE  PARK  R6/2184 

REDONDO  BEACH,  CA  90278 

TRW 

ATTN  A.  CARLAN 

ONE  SPACE  PARK  134-9039 

REDONDO  BEACH,  CA  90278 


(cont'cl) 

UNITED  TECH.  MICROELECTRONICS  CTR 
ATTN  C.  GWYN 

1575  GARDEN  OF  THE  GODS  RD 
COLORADO  SPRINGS,  CO  80907 

UNITED  TECHNOLOGIES  MICROELECTRONICS  CTR 
ATTN  R.  WOODRUFF 
1575  GARDEN  OF  THE  GODS 
COLORADO  SPRINGS,  CO  80907 

UNITED  TECHNOLOGIES  CORP  MOSTEK 
ATTN  J.  P.  MIZE 
CARROLLTON,  TX  75006 

WESTINGHOUSE 
ATTN  F.  BLAHA 
421  DAVID  DR 
ARNOLD,  MD  21012 

WASHINGTONHOUSE  ELECT 
ATTN  E.  J.  VITEK 
PO  BOX  1521  MS  5210 
BALTIMORE,  MD  21203 

WESTINGHOUSE  ELECTRIC 
ATTN  R.  CRICCHI 
PO  BOX  1521  MS3531 
BALTIMORE,  MD  21203 

WOLICKI  ASSOCIATES  INC 
ATTN  E.  WOLICKI 
1  31 0  GATEWOOD  DR  MSI  2 
ALEXANDRIA,  VA  22307 

UNIVERSITY  OF  ARIZONA 
ATTN  K.  F.  GALLOWAY 
BLDG  104,  ELEC  &  COMP  ENG 
TUCSON,  AZ  85721 

CLARKSON  UNIVERISTY 
ATTN  P.  J.  MoNULTY 
PO  BOX  292 
CANTON,  NY  13617 

HAMPTON  UNIVERSITY  6465 
ATTN  DEMETRIUS  D.  VENABLE 
HAMPTON,  VA  23668 

UNIVERSITY  OF  NEW  MEXICO 

DEPT  EEE 

TAPY  HALL 

ATTN  D.  A.  NEAMAN 

ALBUQUERQUE,  NM  87131 

NORTH  CAROLINA  SU 
ATTN  L.  MASSENOILL 
NCSDU-ECE  DEPT.  BOX  7911 
RALEIGH,  NC  27695-7911 
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NORTH  CAROLINA  SU 
ATTN  J.  HAUSER 
ECE  DEPT  BOX  7911 
RALEIGH,  NC  27695-791 1 

PENNSYLVANIA  STATE  UNIVERSITY 
ATTN  W.  WARREN,  127  HAMMOND  BLDG 
ATTN  H.  WITHAM,  227  HAMMOND  BLDG 
ATTN  P.  M.  LANAHAN,  123  HAMMOND  BLDG 
UNIVERSITY  PARK,  PA  16802 

RENSSELAER  POLYTECHNIC  INST 
ATTN  R.  C.  BLOCK 
RPI  LINAC 
TROY,  NY  12180 

VANDERBILT  UNIVERSITY 
ATTN  D.  KERNS 
ATTN  S.  KERNS 

DEPT  OF  ELECTRICAL  ENGINEERING 
NASHVILLE,  TN  3721 2 

YALE  UNIVERSITY 

DEPT  OF  ELECTRICAL  ENGINEER 

ATTN  T.  P.  MA 

ATTN  E.  DaSILVA 

DEPT  OF  ELECT.  ENG. 

PO  BOX  2157  YALE  S 
NEW  HAVEN,  CT  06520 

US  ARMY  LABORATORY  COMMAND 
ATTN  TECHNICAL  DIRECTOR,  AHSLC-TD 

INSTALLATION  SUPPORT  ACTIVITY 
ATTN  LEGAL  OFFICE,  SLCIS-CC 

USA  ISC 

ATTN  RECORD  COPY,  A3NC-ADL-TS 
ATTN  TECHNICAL  REPORTS  BRANCH, 

ASNC-ADL-TR 

HARRY  DIAMOND  LABORATORIES 
ATTH  D/DIVISION  DIRECTORS 
ATTN  LIBRARY,  3LCH0-TL  (3  COPIES) 

ATTH  LIBRARY,  SLCHD-TL  (WOODBRIDCE) 

ATTN  CHIEF,  SLCHD-NW-E 

ATTN  CHIEF.  SLCHD-NW-EC 

ATTN  CHIEF,  SLCHO-NW-ED 

ATTN  CHIEF,  SLCHD-NW-EE 

ATTN  CHIEF,  SLCHD-NW  R 

ATTN  CHIEF,  SLCHD-NW-RA 

ATTN  CHIEF,  SLCHD-NW-RC 

ATTN  CHIEF,  SLCHD-NW-RE 

ATTN  CHIEF,  SLCHD-NW-RH 

ATTN  CHIEF,  SLCHD-NW-R1 

ATTN  CHIEF,  SLCHD-NW-P 

ATTN  CHIEF,  SLCHD-TT 

Am'  R.  0,  WARDELL,  SLCHD-DE-OS 

ATTN  B.  ZA8LUD0WSKI ,  SLCHD-IT-EB 

ATTN  B.  VAULT.  SLCHD-NW 


(cont'd) 

HARRY  DIAMOND  LABORATORIES  (cont'd) 
ATTN  A.  HERMANN,  SLCHD-NW-EC 
ATTN  C.  KENYON,  SLCHD-NM-EC 
ATTN  C.  LE,  SLCHD-NW-EC 
ATTN  T.  MAK,  SLCHD-NW-EC 
ATTN  R.  MOORE,  SLCHD-NW-EC 
ATTN  A.  NGUYEN,  SLCHD-NW-EC 
ATTN  C.  REIFF,  SLCHD-NW-EC 
ATTN  D.  TROXEL,  SLCHD-NW-EC 
ATTN  J.  BRAND,  SLCHD-NW-P 
ATTN  J.  CORRIGAN,  SLCHD-NW-P 
ATTN  R.  POLIMADEI,  SLCHD-NW-P 
ATTN  A.  BABA,  SLCHD-NW-RA 
ATTN  L.  BELLIVEAU,  SLCHD-NW-RA 
ATTN  0.  MERKEL,  SLCHD-NW-RA 
ATTN  R.  FLEETWOOD,  SLCHD-NW-RA 
ATTN  B.  SCHALLHORN,  SLCHD-NW-RA 
ATTN  M.  SMITH,  SLCHD-NW-RA 
ATTN  J  .M.  BENEDETTO,  SLCHD-NW-RC 
ATTN  K.  W.  BENNETT,  SLCHD-NW-RC 
ATTN  T,  V.  BLOMQUIST,  SLCHD-NW-RC 
ATTN  H.  E.  BOESCH,  SLCHD-NW-RC 
(5  COPIES) 

ATTN  M.  DIMANNA,  SLCHD-NW-RC 
ATTN  A.  J.  LELIS,  SLCHD-NW-RC 
ATTN  W.  DELANCEY,  SLCHD-NW-RC, 

ATTN  T.  GRIFFIN,  SLCHD-NW-RC 
ATTN  J.  HARTMAN,  SLCHD-NW-RC 
ATTN  L.  HADOO,  SLCHD-NW-RC 
ATTN  J.  M.  MOGARRITY,  SLCHD-NW-RC 
(20  COPIES) 

ATTN  R.  REAMS,  SLCHD-NW-RC 
ATTN  B.  J.  ROD,  SLCHD-NW-RC 
ATTN  T.  TAYLOR,  SLCHD-NW-RC 
ATTN  C.  FAZI,  SLCHD-NW-RE 
ATTN  R.  CARVER,  SLCHD-NW-RE 
ATTN  J,  TATUM.  SLCHD-NW-RE 
ATTN  A.  WARD,  SLCHD-NW-RE 
ATTN  M.  2AHRIGBH,  SLCHD-NW-RE 
ATTN  J.  BLACKBURN,  5LCHD-NW-RH 
ATTN  M.  BUMBAUGH,  SLCHD-NW-RH 
ATTN  H.  EISEN,  SLCHD-NW-RH 
ATTN  R.  OILBEST,  SLCHD-NW-RH 
ATTN  S.  MURRILL,  SLCHD-NW-Rlt 
ATTN  G.  OVRBBO,  SUND-NW-RH 
ATTN  P.  REINER,  SLCHD-NW-RH 
ATTH  C.  ROSS.  SLCHD-NW-RH 
ATTN  C.  SELF,  SLCHD-NW-RH 
ATTN  C.  TIPTON,  SLCHD-NW-RH 
ATTN  J.  VANDERWALL,  SLCHD-NW-RH 
ATTN  H.  BRANDT,  5LCHD-NW-RI 
ATTN  A.  BRONBORSKY,  SLCHD-NW-RI 
ATTN  D.  DAVIS,  SLCHD-NW-RI 
ATTN  0.  HUmiN,  SLCHD-NW-RI 
ATTN  A.  KEHS,  SLCHD-NW-RI 
ATTN  K.  KERRIS,  SLCHD-NW-RI 
ATTN  R.  IAMB,  SLCHD-NW-RI 
ATTN  L.  LiBELO,  SLCHD-NW-RI 
ATTN  H.  UTZ,  SLCHD-NW-RI 
ATTN  B.  RUTH,  SLCHD-NW-RI 
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DISTRIBUTION  (cont'd) 

HARRY  DIAMOND  LABORATORIES  (cont'd) 

ATTN  J.  SOLN,  SLCHD-NW-RT 
ATTN  D.  WITTAKER,  SLCHD-NW-RI 
ATTN  C.  ARSEM,  SLCHD-ST-AD 
ATTN  T.  BAHDER,  SLCHD-ST-RA 
ATTN  J.  BRUNO,  SLCHD-ST-RA 
ATTN  P.  B.  JOHNSON,  SLCHD-ST-A 
ATTN  J,  STELLATO,  SLCHD-ST-RA 
ATTN  G.  SIMONIS,  SLCHD-ST-RA 
ATTN  C.  MORRISON,  SLCHD-ST-RA 
ATTN  R.  NEIFELD,  SLCHD-ST-RA 
ATTN  H.  TOBIN,  SLCHD-ST-RA 
ATTN  D.  WORTMAN,  SLCHD-ST-RA 
ATTN  S.  KULPA,  SLCHD-PO-P 

I*  J*  °LDHAM>  SLCHD-NW-RC  (10  COPIES) 
ATTN  F.  B.  MctiEAN,  SLCHD-NW-RC  (40  COPIES) 
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